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ABSTRACT 
Cephalopods possess a well-developed visual system encompassing a pair of camera-type 
eyes attached to specific visual processing regions of the central nervous system known as 
the optic lobes. The retina contains a single type of photoreceptive cell, which send axons 
via a dorso-ventral chiasma to the optic lobes. Although electrophysiological recordings 
have been routinely obtained from the retina there are few recordings from the optic lobe. 
This study investigated the morphology and electrophysiology of the first synapse in the 
Octopus (Eledone cirrosa) visual system. 
The morphology and innervation patterns of individual optic nerves onto the optic lobe 
were revealed using the carbocyanine dye, Oil. Optic nerves had characteristic mapping 
patterns depending upon where they entered the optic lobe. Nerves innervating central 
regions of the optic lobe spread laterally in both directions for equal distances. Optic 
nerves that entered the lobe on the dorsal and ventral surfaces of the lobes spread for 
greater distances in only one direction. The morphology of the photoreceptor terminations 
in the cortex were comparable to the morphologies revealed in previous studies. 
A brain slice preparation of the octopus optic lobe was developed in order to make the first 
in vitro electrophysiological recordings from the first synapse in the visual pathway. 
Extracellular pre- and postsynaptic responses were recorded from the optic lobe and these 
were characterised. Using a variety of techniques (paired-pulse tests, frequency inhibition, 
ionic substitution) the different evoked field potentials recorded from different layers of the 
optic lobe slice were separated into pre- and postsynaptic components. Postsynaptic 
responses obtained in the outer regions of the plexiform zone were polysynaptic and 
negative in inflection whilst those obtained from the inner granular cell layer and medulla 
were positive. The effects of altering the extracellular concentrations of Ca2+, Mg2+ and K+ 
were all investigated. The resultant electrical activity after orthodromic stimulation of a 
single optic nerve was mapped in the optic lobe slice and plots of lines of isopotential 
produced. 
Pharmacological studies using the in vitro slice preparation in conjunction with specific 
antagonists to vertebrate receptors were employed to reveal the identity of the 
neurotransmitter released from the retinal photoreceptor terminations. The abolishment of 
postsynaptic responses with alpha-bungarotoxin and the increase with the 
acetylcholinesterase inhibitor (eserine) indicated that the transmitter released is 
acetylcholine. 
Histochemical and immunohistochemical localisations of putative neurotransmitters (or 
their synthetic enzymes) in the cephalopod optic lobe were attempted. No 
neurotransmitter-like immunoreactivity was seen in the optic lobe, this was probably due to 
the primary antibodies used not recognising antigens in the tissue. In the decapod squid, 
Alloteuthis subulata and Loligo forbesii, AChE histochemistry revealed precise anatomical 
localisation of this enzyme which concurred with previous studies on other decapod 
species. 
This study has enhanced the understanding of the cephalopod visual system by providing a 
preparation of the optic lobe from which electrophysiological recordings can repeatabley be 
obtained. This preparation has been used to provide information about how visual 
information is passed from the retina to the central nervous system. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
------------------------ --
1.1. CEPHALOPODS 
Cephalopods are amongst the most highly developed of the invertebrates. There are 
some 650 species of cephalopods (Voss, 1977) and, although all marine, can be 
found in areas ranging from the abyssal plane to coastal estuarine waters. The 
Cephalopoda evolved as nautiloids during the Upper Cambrian period around 450 
million years ago. During the Jurassic period (180- 150 million years ago), most 
species of the subclass Nautiloidea became extinct and were replaced with members 
of the subclass Coleoidea, such as the cuttlefish, squids, octopods and vampire 
squids. Today, the only remaining genus of the Nautilodea is Nautilus (Voss, 1977). 
In this study, the term "cephalopods" is used to include only the cuttlefish, squids and 
octopods (i.e., members of the subclass Coleoidea). Cephalopods are active 
predators that have evolved, from their shelled ancestors, into streamlined, fast 
moving and intelligent animals. They can compete in the marine environment with 
other Lop predators, such as elasmobranch and teleost fish (Packard, 1972). 
Cephalopods are a class of the phylum Mollusca, they are bilaterally symmetrical and 
possess a well developed head with a circumoral crown of mobile appendages, 
numbering eight to ten, that carry suckers and sometimes hooks. 
Cephalopods are extremely well developed invertebrates, as well as possessmg 
complex circulatory system they have evolved a nervous system that is second to 
none in the invertebrate world. This complex nervous system encompasses a 
peripheral giant axon, that can produce rapid escape responses, a chromatophore 
system that causes rapid changes in body colouration and sensory systems that are 
comparable to those possessed by many vertebrates. 
Of the sensory systems the visual system is, perhaps, the most widely investigated 
and understood. Although the workings of the cephalopod visual system has been 
investigated there still remains some large and important gaps in our knowledge. The 
anatomy of the visual system has been extensively documented (Young, 1962b; 
1971; 1974) and theories for the processing of visual information have been proposed 
(Young, 1991). The generation of electrical activity in the retina, in response to 
photic stimulation, is now fairly well understood at both the electrophysiological and 
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biochemical level, also some information about transmission of visual information 
from the retina to the optic lobe (the area of the central nervous system presumed to 
be responsible for visual processing) has been elucidated (see below). Despite the 
large amount of neuroanatomical and physiological data describing the cephalopod 
visual system, our understanding of the underlying mechanisms of the processing of 
visual input from the retina, in the optic lobe, is negligible. 
1.2. CEPHALOPOD VISUAL SYSTEM 
Cephalopods are highly visual predators utilising a pair of large, elaborate camera-
type eyes that are remarkably similar to the vertebrate, particularly the fish, eye. 
Vision is clearly an important sensory mechanism in cephalopods, as seen by the size 
of the eye of Sepiola which may be 25% of the total body weight (Bullock, 1965). 
The optic lobes of Octopus vulgaris, the neural centres responsible for encoding 
visual information (see section 1.5), have been estimated to contain approximately 
one fifth of the cells contained in the whole nervous system (Young, 1963a). At 
hatching, all the important features of the adult cephalopod visual system are 
recognisable, yet not developed fully (Wentworth & Muntz, 1992), suggesting the 
importance of vision as a sensory mechanism even in the very young animal. The 
closest parallel to the cephalopod eye is that of the elasmobranch, which contains 
only rod-type photoreceptors (Packard, 1972). The cephalopod eye lies within an 
orbit, protected by cartilage. Muscles move the eye in all directions within the orbit 
(Budelmann & Young, 1984) in response to visual or mechanical cues (Messenger, 
1991 ). These extra-ocular eye muscles work in a similar manner to the vestibulo-
oculomotor reflex in vertebrates. Eye stability, and orientation, are dependent upon 
mechanoreceptors in the statocyst macula and consequently gravity is important in 
keeping the eye orientated correctly (Wells, 1960). 
The lens of the cephalopod eye is almost spherical and is suspended by ciliary 
muscles in front of a fluid-filled chamber (Wells, 1966; Messenger, 1979). 
Accommodation is undertaken by the dual action of the ciliary muscles and pressure 
exerted by fluid from the eye chamber (Boyle, 1986). The lens has a focal length 
approximately 2.5 times the lens radius (Pumphrey, 1961). Aquatic animals require a 
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heterogeneous lens in order to produce a sharp image upon the retina (Land, 1984). 
Cephalopods are no exception to this, and their lens possesses a gradation in 
refractive index between the centre and the periphery (Pumphrey, 1961), leading to a 
remarkable spherical aberration-free lens. Si vak (1982), however, found that the lens 
of /llex illecebrosus demonstrated an overcorrection for spherical aberration. The 
Cephalopod pupil varies in shape, from a horizontal rectangle in Octopus to an 
elongated 'W' in Sepia (Muntz, 1977), and is circular in oceanic cephalopods (Boyle, 
1986). The pupil is designed to restrict access of light during bright illumination and 
to prevent photopigment bleaching. Muntz (1977) suggested that the differing pupil 
shapes might be correlated with the different regional photoreceptor arrangements 
found within different species. 
The similarity between the vertebrate and cephalopod visual apparatus has been cited 
frequently as an example of convergent evolution, although intrinsic dissimilarities 
do occur. The photoreceptors in the cephalopod retina face in the opposite direction 
to vertebrate photoreceptors (i.e., towards incoming light). Axons from the 
photoreceptor cells do not have to converge upon a single spot to pass through the 
retina as they do .in the vertebrate eye; consequently, no anatomical blind spot is 
present in cephalopods. In addition, the photoreceptor cells are of a different form 
from those of vertebrates, being rhabdomeric (Eakin, 1972) rather than the rod and 
cone type. The cephalopod retina is also less complex than that of vertebrates. In 
cephalopods, the majority of visual processing does not take place within the retina, 
but presumably, by the periphery of the optic lobe (see section 1.7.1.). 
1.3. STRUCTURE OF THE RETINA 
The structure of the cephalopod retina has been documented extensively with the 
light microscopic (Lenhossek, 1894; Kopsch, 1899; CajaJ, 1917; Young, 1962a; 
1971 ). Reports on the structure of the retina at the electron-microscope level have 
also been published (Moody & Robertson, 1960; Zonana, 1961; Tonosaki, 1965; 
Yamamoto et al., 1965; Gray, 1970; Cohen, 1973a,b). In summary, the cephalopod 
retina is composed of photoreceptive (retinula) cells, supportive cells and glial 
(epithelial) cells (Fig. 1.2). An adjacent limiting membrane, that is approximately 
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SJ.lm thick, encloses the retina. The supportive cells are thought to secrete the 
limiting membrane, which is found directly apposed to the retinula cells and the 
supportive cells (Young, 1971). The retinula cells are numerous and Young (1962a) 
estimated 20 x 106 cells are present in the retina of Octopus. The retinula cells 
possess an inner (distal) segment and a photoreceptive outer (proximal) segment. 
Below the distal segment is a synaptic plexus region (fig. 1.1). 
1.3.1 The outer segment 
The outer segment of the retinula cells are long and thin, possessing two sets of 
microvilli arranged at right angles, (and opposed to each other), to the main cell axis 
(Fig. 1.2). The packing density of these cells in the retina of Octopus vulgaris and 
Eledone cirrosa is <50 000 mm-2 (Young, 1962a, 1971). 
The outer segment is between 200Jlm and 300Jlm long and the microvilli are 
approximately lJ.lm long and 60nm in diameter (Zonana, 1961; Cohen, l973a; 
Paulsen et al., 1983). One set of microvilli from each retinal cell (known as a 
rhabdomere) is arranged with three others to form a rhabdome (Fig. 1.2). The 
cephalopod retina has a two-plane rhabdomere system as the sets of microvilli are 
arranged either horizontally or vertically as the eye is normally held. Messenger 
(1991) suggested that this might be a feature involved in polarised light sensitivity. 
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Figure 1.1. Diagrammatic representation of the Octopus retina (radial section). 
lim.mem .. limiting membrane; pr.ce.ret.out., photoreceptive cell of the retina (outer 
segment); su.ce.ret., supportive cell of the retina; mic., microvilli of the retinal 
photoreceptor cell; pig., pigment granule; nuc.su.ce., nucleus of the retinaJ supportive 
cells; bas.mem., basal membrane; pr.ce.ret.inn., photoreceptive cell of the retina 
(inner segment); myl.bod., myeloid bodies; nuc.ret.ce., nucleus of the retinal 
photoreceptive cell; fco., collateral fibre of the retinal cell; faff., afferent fibre from 
the retinal photoreceptor cells; feff., efferent fibre to retina. Adapted from Young 
(1971). Glial cells are not shown. 
6 
0 0 
:1, ~ )-l ,.J" rhab. pig. h-, ~[TT 
.ro 0 
_2 
~ ,..... l1~ 
0 0 
r-h~ r ..., ::;:; su. ce.rt . ~ mic. ~OL. 
.Cb ~_c ~ 
0 0 
Figure 1.2. Diagrammatic representation of the arrangement of cephalopod retinal 
photoreceptor microvilli. Note the right-angled arrangement of adjacent sets of 
microvilli (mic.) that, in sets of four, are known as rhabdome (rhab.). The cytoplasm 
of the parental retinal photoreceptor cells is filled with the screening pigment ommin 
(pig.) The supportive retinal cells (su.ce.rt.) can also be seen. 
The fme details of the microvilli of the retinula cell proximal segment has been 
studied extensively with transmission electron-microscopy, freeze-fracture 
techniques and x-ray diffraction, from which a complex arrangement and 
ultrastructure has been elucidated (Moody & Parris, 1961 ; Zonana, 1961 ; Cohen, 
1973a; Saibil, 1982, 1990a; Saibil & Michel-Villaz, 1984; Yamamoto & Takasu, 
1984; Saibil & Hewat, 1987). The squid retina photoreceptive cells have between 
200 000 and 700 000 microvilli in each rhabdornal set (Zonana, 1961). Tangentially, 
the microvilli are closely packed into hexagonal arrays with trans-membraneous 
processes holding them together (Fig. 1.3) (Saibil & Hewat, 1987). Internally, the 
microvilli have an actinornysin axial core with radial processes attached to thee-face 
(inner) of the membrane (Fig. 1.3) (Saibil, 1982; Tsukita & Matsumoto, 1988). This 
actinomysin skeleton is proposed to correctly align the membrane-bound 
photopigment, (rhodopsin), for polarised light sensitivity, a feature which IS 
important in cephalopod vision (Moody & Parriss, 1960; Saidel et al. , 1987). 
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Figure 1.3. Schematic representation of the hexagonal arrangement (A) of the retinal 
photoreceptor microvilli (mic.). (B) Shows the actinomyosin axial core (act.ax.co.) 
with radial processes (rad.pro.) attached to the inner microvilli membrane. In 
addition, the trans-membraneous processes (trans.pro.) that are proposed to correctly 
align the rrucrovilli for polarised light sensitivity are shown. 
Conventional electron-microscopy fixation procedures for have not allowed the 
actinomysin skeletons to be clearly interpreted (Zonana, 1961). Recently developed 
rapid freezing fixation techniques, however, have shown their presence in dark-
adapted cephalopods (Tsukita & Matsumoto, 1988). After exposure to light, these 
cytoskeletal trans-membraneous connections breakdown, suggesting that they may 
play a role in the phototransductive mechanism (Tsukita & Matsurnoto, 1988). The 
time course for this breakdown has not been elucidated. Improved techniques for 
determining whether the breakdown is of the order of 1 Oms (i.e., along a similar 
temporal pathway to phototransduction) are required to confirm if this breakdown is 
involved in phototransduction. 
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The hydrophobic region of the membrane of the retinula cell microvilli has a very 
high protein content (56%; Paulsen et al., 1983). Approximately 50% (Saibil & 
Hewat, 1987) and 70% (Paulsen et al., 1983) of this protein has been estimated as 
being the photopigment rhodopsin (see section 1.4). The rhodopsin molecules are 
thought to be localised in small (lOnm) intra-membraneous particles (IMP's) located 
on the P-face (outer) of the membranes of the microvilli (Yarnamoto & Takasu, 
1984). 
Kataoka & Yamamoto ( 1983) reported that most of the rhabdomeric microvilli of 
Octopus retinal photoreceptor microvilli has no continuity with their parental cells, 
however, it was later concluded that these closed microvilli were an artefact of the 
fixation process used for electron microscopy (Yamamoto & Yoshida, 1984). 
/.3.2 Regio11al differences ill the reti11a a11d dark adaptatio11 
The retinula cells of Octopus are thinnest, and most closely packed, along a strip just 
above the equator of the retina (Young, 1963b). In Sepia, however, the photoreceptor 
cells are longer at the hind end of the strip. Loligo does not possess such a strip but 
has a saucer-shaped retina with long, thin photoreceptors at the periphery (Young, 
1963b). Young (l963b) suggested that this morphological difference in retinal 
photoreceptors between cephalopods might play an important functional role in the 
vision of species found in shallow, well-lit waters, such as Sepia and Octopus. 
The cephalopod retina possesses a screening pigment identified as ommin 
(Butendant, 1959; cited by Muntz, 1977). This pigment is located predominantly in 
the receptor cells but may be found also in the supportive cells (Cohen, 1973a). 
During illumination of a previously light-adapted cephalopod, the screening pigment 
migrated to the basal region of the outer segments; the reverse occurred during 
movement from a light to a dark environment (Hagins & Liebman, 1962; Young, 
!963b; Daw & Pearlman, 1974), with the pigment migrating to the tips of the 
photoreceptors. This screening pigment, along with the variable size pupil, prevents 
excessive light penetration and photopigment bleaching during illumination with 
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bright light. Also, the rhabdomes have been shown to contract during illumination 
(Young, 1963b). 
1.3.3. The inner segments 
The receptor cells penetrate through a basal membrane via holes of varying diameter 
(20 to less than 2jlm) (Young, 1971 ). The membrane is fibrous but is thought not to 
be formed from collagen (Zonana, 1961). After passing through the basal membrane, 
the cells are known as the distal or inner segment, becoming spindle-shaped in radial 
section and circular in tangential section. The distal segments contain the nucleus of 
the receptor cells along with many mitochondria and sheets of ordered thin 
membranous organelles. The latter are known as the myeloid or soma! bodies and 
are associated with the photopigment retinochrome (see section 1.4). 
1.3.4. The plexiform layer 
The cephalopod retina contains two types of neural elements: (l) efferent axons from 
the photoreceptor cells and (2) afferent fibres from centrifugal cells originating in the 
optic lobe (Young, 1962a; Patterson & Silver, 1983; Saidel, 1979). The plexiform 
layer contains glial cells along with fine, tangentially running collateral's originating 
from the photoreceptor axons. These fine collaterals form synaptic relationships with 
afferent terminations of neurons that originate in the optic lobe (centrifugal neurons, 
see section I. 7 .1.3). Cohen ( 1973b) described the synaptic relationships between 
horizontal collaterals and afferent neuron terminations, and that clear vesicles and 
membrane thickenings were both present. 
1.4. PHOTOPIGMENTS 
The cephalopod retinula cells contain two types of photopigment, rhodopsin and 
retinochrome (Hara & Hara, 1965, 1982; Hara et al., 1967). Cephalopod rhodopsin 
is the main photopigment and was first identified in cephalopods by St George & 
Wald (1949). It comprises (like vertebrate rhodopsin) a chromophore (!I cis-retinal) 
linked to a protein component (a species-specific opsin) (Hubbard & St. George, 
1958) and is found as a predominant, integral microvilli membrane protein (Hagins, 
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1973; Anderson et al., 1978). After the absorption of a photon of visible light, the 
chromophore undergoes a photolytic isomerisation from ll cis-retinal to all trans-
retinal (Hubbard & St.George, 1958); the latter is known as meta-rhodopsin. Most 
cephalopod species have one form of rhodopsin but one species, the deep-water squid 
Watasenia scintillans, has three (Matsui et al., 1988; Seidou et al., 1990). These 
have been proposed to be involved in detection of bioluminescent light found in the 
deep waters which it inhabits (Messenger, 1991 ). Rhodopsin has been localised 
within the retina by fluorescence histochemistry (Ozaki et al., 1983) and is found 
only in the rhabdomal layer of the outer segments. 
The second photopigment, retinochrome, was first identified in the squid 
Ommastrephe.1· sloani Steenstrup by Hara & Hara (1965). Like rhodopsin, it consists 
of a chromophore (all trans-retinal) conjugated to a protein. During photolytic 
isomerisation, the chromophore changes from all trans-retinal to 11 cis-retinal (i.e., 
the reverse of the rhodopsin transformation). Retinochrome has been 
histochemically (Ozaki et al., 1983) and immunohistochemically (Fukushima, 1985) 
localised in the cephalopod retina. Each approach showed a similar localisation of 
retinochrome with the myeloid bodies of the inner segment and in the basal regions 
of the outer segments. The presence of two photopigments, with different 
wavelengths of maximum absorbance, may indicate colour vision, however the 
location of retinochrome in the cephalopod retina does not suggest a function as a 
visual pigment. Rather the function of this dual photopigment system has been 
suggested as a means of regenerating rhodopsin. Retinochrome is thought to be 
transported, via a retinal-binding protein (RALBP), towards the rhabdomes where it 
interacts with meta-rhodopsin and aids the regeneration of rhodopsin (Ozaki et al., 
1987; Terakita et al., 1989). 
1.5. BIOCHJ<:MISTRY OF CEPHALOPOD VISION 
Recently, the mechanism of transduction of visible light into an electrical signal 
which the brain can read (i.e., into an action potential) has begun to be unravelled. 
Basically, photon capture by the immobile membrane bound rhodopsin (R) located in 
the microvilli membrane drives an enzyme cascade, which in turn regulates the 
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concentrations of cytoplasmic second messenger substances (probably cyclic 
guanosinemonophosphate, cGMP or calcium; Saibil, 1984; Johnson et al., 1986), 
leading to a depolarisation of the retinal photoreceptor membrane and subsequent 
transmission of an action potential along the optic nerve (Messenger, 1991 ). 
The evidence for the role of calcium in cephalopod phototransduction, and the 
mechanism, by which it is mobilised, has been established over recent years (Fig. 
1.4). Photon activated rhodopsin is thought to cause the activation of a 
guanosinetriphosphate (GTP) binding protein (G-protein) by inducing guanine 
nucleotide exchange (Vandenberg & Montal, 1984a; Saibil, 1990b). The G-protein 
is analogous to transducin which is important in vertebrate phototransduction (Tsuda 
et al., 1986). Phospholipase-C (PLC), which is a phosphodiesterase specific for a 
membrane-associated phosphorylated phospholipid (phospatidylinositol (4,5) 
biphosphate; PIP2) is the effector enzyme thought to be activated by the G-protein 
(Baer & Saibil, 1988; Vandenberg & Montal, 1984b). PIP2 is hydrolysed by PLC 
into two biologically active substances, water soluble inositol (I ,4,5) triphospate 
(IP3) and lipid diacyl glycerol (LOG) (Saibil, 1990b ). Illumination has been shown 
to cause an increase in IP3 and a concomitant decrease in PIP2 (Brown et al., 1987; 
Szuts et al., 1986; Wood et al., 1989). Lipid diacyl glycerol induces the production 
of protein kinase C, although the role of this in phototransduction is, as yet, unknown 
(Saibil, 1990b). IP3 mobiljses internal calcium stores that are thought to be located in 
a palisade of smooth endoplasmic reticulum located at the cytoplasmic ends of the 
microvilli (Saibil, 1990b ). From here the mechanism is unclear although the 
mobilised calcium is thought to lead to the depolarisation of the receptor cell 
membrane and the generation of an action potential (Messenger, 1991 ). 
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Figure 1.4. Presumptive phototransductive mechanism in the cephalopod retina. R, 
membrane bound photopigment, rhodopsin; G, G-protein; E*, activated effector 
enzyme (PLC); PIP2, phospatidylinositol ( 4,5) biphosphate; IP3, inositol triphosphate; 
LOG, lipid diacyl glycerol; Ca2+, calcium ions; green arrow , light; yellow arrows , 
activation; red arrow, conversion ofPIP2 to IP3 and LOG. 
The evidence for the role of cGMP as a second messenger m cephalopod 
phototransduction is not so clear and opposing viewpoints have been published. 
Seidou et al. (1993) concluded that cGMP is not the intracellular messenger in 
phototransduction of Octopus retinula cells as no difference could be found between 
irradiated and unirradiated levels. Saibil & Michel-Villaz (1984) and Johnson et al. 
(1986) concluded that cGMP levels in the squid retina increase rapidly in response to 
illumination. Whether cGMP (or a product of its metabolism) is a second messenger 
substance has yet to be proven conclusively. 
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1.6. THE OPTIC NERVES 
Axons from the photoreceptor cells pass directly through the plexiform layer but do 
not terminate here. They go on to penetrate a layer of retinal muscle at the base of 
the plexus, continue to penetrate the foramina in the sclera, before being collected 
into bundles and heading towards the optic lobe. The bundles contain photoreceptor 
axons (Lenhossek, 1896; Cajal, 1917; cited by Young, 1971; Young, 1962b, 1971, 
1974; Dilly et al., 1963; Case et al., 1972; Cohen, 1973b,c; Case, 1976) and axons of 
centrifugal neurons originating from the optic lobe (Cajal, 1917; Young, 1962b, 
1971, 1974; Lund, 1966; Gray, 1970; Cohen, l973b). Patterson & Silver (1983) 
estimated the ratio of optic nerve axons to centrifugal fibre axons as approximately 
250: I. These centrifugal neurons may terminate and synapse in the retinal plexus 
(Cohen, 1973b) or proceed to the muscles controlling eye movement 
(Aiexandrowicz, 1928). 
The optic fibres run through an extensive extracellular zone that contains collagen 
fibrils. Each nerve bundle contains the axons of twenty or more receptor cells 
enclosed within troughs of the cytoplasm of chains of Schwann cells. The troughs 
become directly apposed at the basal membrane that surrounds the bundles of axons 
to form mesaxons. The Schwann cell cytoplasm contains neurofilaments and tubules. 
The diameter of the axons ranges from 0.2 -l.3f.1m, although this large variability is 
probably due to pronounced varicosities being present. 
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Figure 1.5. Diagrammatic representation of the cepbalopod eye and attachment to 
the optic lobe via the optic nerves which are inverted through a dorso-ventral 
chiasma. The dorso-ventral chiasma is presumably a mechanism for rectifying the 
inverted image produced by the lens. OGCL, outer granular cell layer; PZ, plexiform 
zone; IGCL, inner granular cell layer. 
Optic fibres, emergent from the retina, interweave in a dorso-ventral chiasma medial 
to the eye (Kopsch, 1899; Cajal, 1917; cited by Young, 1971; Young, 1962b, 1971 , 
1974; Saidel, 1979) (Fig. 1.5). This complex structure functions presumably to 
rectify the inverted retinal image that is produced by the lens upon the retina, and 
allows for a correct visual map upon the optic Lobe with respect to gravity (Young, 
1962c) (see figure 1.5.). After passing through the chiasma, the optic fibres pass 
through the sinus which contains the white body (Wells, 1978), before penetrating 
the periphery of the optic lobe (see Fig. 1.7 and section 1.7.1.1) (Young, 1962b, 
1971, 1974; Dilly et al., 1963; Case et al., 1972; Cohen, l973c; Haghighat et al., 
1984). 
1.7. THE OPTIC LOBE 
The cephalopod optic lobe has been studied extensively at the light microscope level, 
utilising the Golgi-silver impregnation technique. An important early report was 
published by Cajal (1917) (cited by Young, 1962b ). More recently, a series of important 
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important papers using similar methods to these early reports, has described the 
structure of the optic lobes of both octopods and decapods in great detail (Young, 
1962b; 1971; 1974). Ultrastructural studies, mainly of the periphery of the cephalopod 
optic lobe, have been published by Dilly et al. (1963), Case et al. (1972) and Cohen 
(1973c). Haghighat et al. (1984) published an electron-microscopic account of the 
ultrastructure of the squid (Loligo) optic lobe, and included both the periphery and the 
more central structures. 
In most cephalopods the optic lobes are found medially to the eye and can be 
considered as special developments of the supraoesophageal mass (Young, 1971 ), to 
which they are attached by optic tracts. The ancient genus Nautilus does not possess 
optic tracts but has optic lobes that are lateral extensions of the supraoesophageal cord 
and are only separated dorsally by a slight depression (ventrally they are continuous 
with the magnocellular lobes) (Young, 1965). In Nautilus, there is no clear division 
between the central zone of the optic lobe and that of the supraoesophageal cord, the 
two interchanging many fibres (Young, 1965). In some decapods, the optic lobes 
remain closely related to the supraoesophageal mass, and are attached by relatively 
short optic tract lobes (Young, 1974). Octopods, however, have relatively longer optic 
tracts (Young, 1971). In Octopus and Sepia, the optic lobes are kidney bean shaped 
with the long axis horizontal as the head is normally held. In Loligo, however, the lobes 
are more saucer shaped (Young, 1974), this difference in shape is thought to 
correspond with the different regional rhabdomal structures of the retina. The 
horizontal plane is parallel to the upper surface of the lobe with sagittal and transverse 
planes being at right angles to this (Young, 1971 ). 
The cephalopod optic lobes have two main functionally different areas, the cortex and 
the medulla. CajaJ (1917; cited by Young, 1962b) termed the cortex as the "retina 
profunda" or the "deep retina" due to its analogous nature with the ganglionic layer of 
the vertebrate retina, and is the area where processing and classification of visual input 
from the retina is thought to occur (Young, 1962b). The medulla is a visuo-motor 
region that probably also serves as a memory centre (Young, 1960; Young, 1962b). 
Electrical stimulation of the optic lobe cortex produced no motor response in Sepia, and 
stimulation of the medulla neuropil produced a number of responses (Boycott, 1961; 
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Chichery & Chanelet, 1976). The connective optic tract lobes possess connections with 
most of the other lobes of the central nervous system (table 1.1) as well as being 
directly attached to the optic gland, the peduncle lobe and the olfactory lobe 
(Messenger, 1971). 
1.7.1 The cortex 
In octopods, the cortex is formed from the outer granular cell layer (OGCL), the inner 
granular cell layer (JGCL) and, sandwiched between these layers the plexiform zone 
(PZ) (Fig. 1.6.) (Young, 1962b; 1971). Decapods, however, have a different structure 
to the cortex, with an inner plexiform zone adjacent (but more central) to the IGCL 
(Young, 1974). The octopod cortex is not sharply demarcated from the medulla by a 
layer of large cells and tangential fibres (Young, 1962b; 1971) as it is in the decapods 
(Young, 1974). The layer of cells that mark off the decapod cortex from medulla is 
known as the pallisade layer (Young, 1974). 
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Figure 1.6. Diagrammatic representation of some of the cells of the outer layers of the 
cephalopod optic lobe (the cortex) and inputs from the retina. ret.pr.ce., retinal 
photoreceptor cell; c.f, collaterals of the retinal photoreceptor cells synapsing with 
fibres from centrifugal cells; am.1.,2.,3., amacrines of the outer granular cell layer; 
2.vis.ce.1.,2., second order visual cells of the decapod outer granular cell layer; 
ret.l .,2.,3., terminations ofthe retinal photoreceptor axons; cfce. , centrifugal cell of the 
inner granular cell layer sending an axon to the retina; mult., multipolar cell; i.am., 
amacrine of the inner granular cell layer; cp.ce., centripetal cell of the inner granular cell 
layer, one form of these second order visual neurons is shown; pal., palisade cells; 
syn.l ., syn.2. , known synapses in the visual pathway; syn.3. proposed synapse in the 
visual pathway. Arrows indicate output from the retina/cortex to the medulla. Red cells 
are from the retina, black cells from the OGCL, blue cells are from the IGCL, green 
cells are only from the decapod OGCL. * indicates from decapods alone. Adapted from 
Young (1962b; 1974). 
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1. 7.1.1. The outer granular eel/layer 
Optic nerve fibres enter the decapod optic lobe in small bundles, primarily through a 
covering of glial cells and then between the neuronal perikarya of the outer granular 
cell layer (OGCL) (Haghighat et al., 1984). The surface of the octopod optic lobe 
differs from that of the decapod by being covered by a basement membrane, beneath 
which is a layer of interlocking neuroglial folds (Dilly et al., 1963; Cohen, 1973c). 
Occasionally, giant glial cells can be found within the glial layer although their function 
has not been established (Cohen, 1973c). Young (1974) did not describe such a 
membrane in the decapod Loligo forbesii, but reported the presence of a layer of 
flattened epithelial cells, which possibly could be the glial cells described by Haghighat 
et al. (1984). 
In Octopus, the outer granule cells are small neurons possessing a single trunk directed 
centrally towards the plexiform zone (Young, 1962b). These cells are designated 
amacrine cells due to the lack of an axon (Young, 1962b). OGCL amacrine cells are 
often found in direct apposition, across a 15nm cleft, with a trunk that branches in the 
plexiform zone. The branches nearly always terminate in the plexiform zone (Young, 
I962b; 1971 ). Fine collaterals can be found emerging laterally from the trunks. Larger 
amacrines can be found proximally within the OGCL, whilst smaller cells are found 
more distally (Fig. 1.6) (Young, 1962b; Dilly et al., 1963). Several authors have, 
however, also noted in decapods the presence of neurons that send axons towards the 
medulla (Fig. 1.6), as well as amacrine cells resembling those in octopods (Young, 
1974; Cohen, l973c; Haghighat et al., 1984). These cells possess axons that either run 
directly to the medulla or proceed tangentially for large distances before heading for the 
medulla (Young, 1974). 
Amacrine cells from the decapod OGCL possess an oval, densely stained nucleus that 
differs from the lighter staining nucleus of the neurons that possess axons (Haghighat et 
al., 1984 ). The afferent optic nerve bundles (along with efferently running centrifugal 
fibres) frequently separate OGCL neuronal perikarya into irregular columns (Haghighat 
eta/.,1984). 
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1.7.1.2. The plexiform zone 
A basement membrane has been seen at the light-microscope level between the OGCL 
and the plexiform zone (Young, 1962b). Different reports of the structure of the 
basement membrane have been documented at the electron microscope (EM) level. 
Dilly et al. (1963) concluded that the basement membrane was an artefact of fixation. 
However, Case et al. (1972) located the basement membrane of Young ( 1962b) with 
the EM but termed it a "basement layer" and concluded that it was formed from thin, 
folded processes of dark glial cells. 
The plexiform zone (outer in decapods) is a completely synaptic region consisting 
entirely of axons, dendrites, terminals and neuroglia, and is a region where optic nerve 
fibres terminate, passing on visual information to second order visual cells (Young, 
1962b, 1971, 1974). No neuronal soma are present in the plexiform zone. Fibres enter 
the plexiform zone radially before spreading out as a series of receptor dendritic fields 
displaced in a tangential direction. Consequently, the plexiform zone compromises a 
series of radial and tangential layers. Octopods possess four radial layers (r1, r2, r3 and 
r4), interspersed with four tangential layers (t1, t2, t3 and ~). all of which are of unequal 
thickness (Young, 1962b). Decapods possess an additional radial layer (r;) which is 
found adjacent to the IGCL (Young, 1974). 
The cephalopod optic lobe cortex receives the optic nerve fibres originating from the 
retinal photoreceptor cells (Young, 1962b, 1974; Cohen, 1973c; Haghighat et al., 
1984). Optic nerve fibres run through the OGCL before entering the plexiform zone 
(Fig. 1.6). Three types of retinal nerve endings have been identified in the cephalopod 
optic lobe (Young, 1962b, 1971, 1974; Haghighat et al., 1984): (1) those that reach the 
r1 layer, (2) an equal number ending more deeply and (3) a few that bnmch in the 
plexiform zone but pass through into the IGCL (Fig. 1.6). Saidel ( 1979) demonstrated 
these three differing types of terminations using orthograde transport of cobalt from cut 
optic bundles. Young (1974) suggested that decapods also possessed three types of 
retinula cell tem1inations in the optic lobe 
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The optic nerves terminating in r1 have been well described (originally by Cajru, 1917) 
as conical-shaped, pre-synaptic bags that occupy 40 - 45Jlm of the outer portion of the 
plexiform zone (Young, l962b, 1971, 1974; Dilly et al., 1963; Case et al., 1972; Gray 
& Young, 1964; Cohen, l973c; Haghighat et al., 1984). These tenninations are often 
in direct apposition to each other, across a 100-150A cleft, adjacent to the OGCL (Dilly 
et al., 1963; Gray et al., 1964). Finger-like invaginations are frequently sent between 
adjacent bags and electrotonic synapses (detennined by the presence of gap junctions) 
are also present (Cohen, 1973c; Haghighat et al., 1984). Dilly et al. (1963) did not, 
however, describe any gap junctions and concluded that there was probably no direct 
inter-receptor synaptic activity here. These zones have been termed areas of "inter-
terminal contact zones" by Cohen (1973c) who suggested that they may bring about 
electrical coupling between neighbouring bags. 
Proximally, the conical projections contain numerous mitochondria, followed more 
distally by many, clear synaptic vesicles with a diameter of 48 - 72nm (Dilly et al., 
1963; Saidel, 1979; Cohen, 1973c; Haghighat et al., 1984). Haghighat et al. (1984) 
also described the occasional presence of larger clear vesicles (IOOnm). The synapses 
consist of small spines invaginated into the conical bags across a synaptic cleft of 12-
20nm (Dilly et al., 1963; Cohen, 1973c; Haghighat et al., 1984), and the area of 
synaptic relationships has been termed the "invaginated synapse zone" by Cohen 
(1973c ). Case et al. (1972) described "grapelike" clusters at the apex of the 
invaginations. The characteristic pre-synaptic dense projections, and thick post-
synaptic membrane thickenings, seen in man1malian synapses are reported absent from 
the synapses of the optic nerve terminal bags (Haghighat et al., 1984) although an 
earlier report (Case et al., 1972) described these synaptic membrane thickenings. The 
spines are thought to originate from amacrine cell trunks of the cells from the granule 
layers (Dilly et al., 1963; Case et al., 1972; Cohen, 1973c) although synapses with 
other neurons must, presumably, occur. Case et al. (1972) suggested that numerous 
invaginations give the photoreceptor terminal bags a striated appearance and may 
account for the outer tangential layer. 
Dill y et al. ( 1963) described peculiar "tunnel fibres" that pass through the conical 
terminations, later these were shown to be the trunks of the amacrine cells from the 
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OGCL (Ca~e et al., 1972). Only the photoreceptor terminal bags contain invaginated 
synapses. The conical projections taper out deeper in the plexiform zone (Young, 
1962b). 
Dilly et al. (1963) reported that the rest of the plexiform zone consisted of a complex 
mass of interlocking fibres presumably in synaptic relationships. The remaining 
synapses of the plexiform zone neuropil possess both clear and dense-cored synaptic 
vesicles (Haghighat et al., 1984) and are of the characteristic 'tlat' variety, although 
they do not show pre- and post-synaptic thickenings. 
1.7.1.3. The inner grarzularcelllayer 
In both decapods and octopods, the inner granular cell layer (IGCL) has a more varied 
cellular composition than the OGCL (Young, 1962b, 1971, 1974; Haghighat et al., 
1984). Essentially, the cephalopod IGCL consists of four main cell types (reverse 
amacrines and centrifugal cells, as well as more centrally occurring centripetal and 
multipolar cells; Fig. 1.6). 
The reverse amacrine cells resemble closely their OGCL counterparts. They lack an 
axon, possess a trunk that branches within the plexiform zone and they terminate within 
the plexiform zone (Young, 1962b; 1974). Small multipolar cells are also repmted in 
Octopus (Young, 1962b ), but their exact nature has been difficult to elucidate. Young 
( 1974) did not report small multipolar cells in the IGCL of Loligo. 
Centrifugal cell somas possess a trunk (axon) that passes into the plexifmm zone, 
where it branches, before passing through the plexiform zone and OGCL. The axons 
enter an optic nerve and terminate either within the retinal plexus (Young, 1962b; 
1974) or, possibly, within the musculature controlling eye movements. The efferent 
centrifugal terminations synapse with collaterals emerging from the photoreceptor 
axons (Cohen, 1973c). Saidel (1979) demonstrated the centrifugal cell somas within 
the optic lobe by retrograde transport of cobalt dye from severed optic fibres. The cell 
somas located by Saidel ( 1979) compared favourably with those identified by Young 
(1962b, 1971, 1974) and possess the following characteristics: (I) located within the 
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IGCL, (2) increased cell body diameter with increasing depth from surface, (3) 
variations in cell shape and (4) characteristic dendritic branching in tangential (inner) 
layers (especially those containing type II retinal photoreceptor endings). 
Centripetal cells of the IGCL are thought to be the second order neurons of the visual 
pathway that pass on signals from the plexiform zone to the ihner medulla and are 
known as classifying cells (Young, 1962b, 1971, 1974). Centripetal cells are bipolw· 
with a main trunk that passes into the plexiform zone (where dendritic collaterals are 
formed) before proceeding inwards again towards the medulla. These recurrent 
centripetal cells have different dendritic fields within the plexiform zone and have been 
well documented in Loligo (Young, 1974) but not as well in Octopus (Young, 1962b). 
In Octopus, the centripetal cells often possess quite bizarre forms and Young ( 1962b) 
reported that more work is required to correctly classify them. The dendritic branches 
of the centripetal cells often show characteristic spines on their tips and Young (1971) 
suggested that these are the post-synaptic receptive agents connected to the optic nerve 
terminations of the plexiform zone. The dendritic fields of these cells are oval with the 
long axis mainly in the horizontal plane, and are placed loosely to form a grid in the 
horizontal and vertical planes (Young, 1962b). Young (1974) described two size 
classes of IGCL centripetal cells in Loligo; cells with nuclei of 3-61.J.m located 
proximally within the IGCL and cells with nuclei up to 81.J.m located more distally. 
Young (1974) also classified the different forms of centripetal cell from Loligo as: (I) 
cells with a restricted circular fields of dendrites and short axons, (2) cells with a larger 
circular dendritic field and longer axons, (3) cells with very narrow elongated dendritic 
fields and ( 4) cells with very large oval dendritic fields. The last two cell types include 
cells with dendritic fields of different orientation and length. In both decapods and 
octopods the varying forms of centripetal cells are thought to extract different features 
of the visual input (Young, 1960). 
I. 7.1.4. The inner plexiform zone 
This zone, characteristic of decapods, contains the somas of the giant, second order 
visual cells along with their basal dendrites (Young, 1974; Haghighat et al., 1984). The 
basal dendrites of the smaller, second order cells and cells with centrifugal efferent 
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fibres to the retina are found here (Young, 1974). The plexus also contains branches of 
the second-order visual centripetal cells, some of which may terminate here. Synapses 
within this zone are similar to those of the outer plexiform zone (Haghighat et al., 
1984). 
1.7.2. The medulla. 
The octopod medulla differs from that of decapods predominantly by the absence (in 
octopods) of a layer of large cells (the pallisade layer) and a fibrous layer (the frontier 
zone) that marks the boundary of the cortex. Octopods do, however, possess a 
boundary layer of large cells with widespread tangential dendritic branches demarcating 
the medulla from the cortex (Young, 1971). Cells with large, branched dendritic fields 
proceeding to the surface, and with an axon proceeding centrally, are found central to 
the tangential cells. The former presumably synapse with the axons of the classifying 
centripetal cells from the IGCL and are therefore thought to be third or fourth order 
neurons of the visual pathway (Young, 1971 ). Young ( 1962b, 1971) described the 
medulla of Octopus as comprising of islands of large and small cell bodies separated by 
tracts of fibres (neuropil), containing both axons and dendrites. The cell islands contain 
many large unipolar cells that branch into numerous, presumably dendritic, branches, 
one of which arises into an axon and passes towards the optic tract. These unipolar 
cells are presumably third or fourth order visual cells that carry output to the other lobes 
of the central nervous system (although this has not been shown). As the lobe proceeds 
more centrally the cells become larger and less numerous with an increasing 
preponderance of fibres. The efferent fibres form the optic tracts along with afferent 
fibres from other lobes (Young, 1962b, 1971). 
The decapod medulla has been well investigated and has been classified into five 
distinct (yet not sharply demarcated) zones (Young, 1974). These are the pallisade 
layer, the frontier zone, the zone of radial columns, the zone of tangential bundles and 
the zone of optic tract bundles. The palisade layer is a row of regularly arranged cells, 
of giant and small varieties, with trunks that give rise to branches terminating either in 
the inner plexiform zone or in the frontier zone (Young, 1974; Haghighat et al., 1984). 
The frontier zone is the region central to the pallisade layer is and consists of a few 
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nerve cells (nuclei - 5-61!m). Most of the frontier zone is formed by fibres from three 
sources: ( l) fibres originating from collaterals of fibre bundles passing through the 
pallisade layer, (2) branches of neurons from the palisade layer and (3) branches from 
neurons of the central medulla (Young, 1974). Central to the frontier zone is the zone 
of radial bundles, which is formed by bundles of fibres orientated around a radial axis 
interspersed irregularly with columns of cell soma. Multipolar cells, lacking an axon, 
are found in these columns of cells and possess dendritic projections radiating in all 
directions. Haghighat et al. (1984) described the synaptic structure of the squid 
medulla. 'Flat' axo-axonic and axo-dendritic synapses were found throughout the 
squid medulla and like the synapses of the cortex they possessed no membrane 
thickenings and had similar vesicles. Scattered throughout the radial zone are giant 
horizontal cells that possess widespread tangentially running dendritic fields (up to 
SOO!!m). The outermost layer of these cells passes at a depth of about I 0011m within 
the palisade layer and may be analogous to the layer of tangentially running cells 
described by Young (1962b, 1971). 
The zone of tangential bundles is not demarcated sharply from the zone of radial 
bundles and consists of numerous, tangentially running efferent and afferent fibres that 
proceed to (and from) the optic tract (Young, 1974). Efferent fibres (from third or 
fourth order visual cells) are present here and presumably proceed to the optic tract. 
Small uni-, bi- or multipolar neurons, that possess fibres spreading out in all directions, 
are present throughout the medulla. It is unclear if an axon arises from these cells. The 
neurons form a web that unites the bases of the columns of axons of the second order 
classifying (centripetal) cells. The function of these neurons is presumably to produce 
interactions between the influences of the classifying cells (Young, 1974). Efferent 
collecting neurons, also present in the medulla, collect influences from the centripetal 
axons in the radial columns. A single main trunk turns towards the optic tracts before 
giving rise to an axon. Dendrites presumably receive influences from a number of 
radial columns before sending an impulse towards the optic tract and maybe to other 
cerebral centres (Young, 1974). The zone of optic tract bundles, found at the hilum of 
the optic lobe, is not clearly demarcated from the previous zone. Afferent and efferent 
fibres connecting the optic lobe with other parts of the central nervous system are found 
here. 
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1.8. THE OPTIC TRACT 
Many connections between the discrete lobes of the cephalopod central nervous system 
and the optic lobe have been elucidated using conventional silver impregnation and 
degeneration techniques (Young, 1971, 1974) and using orthograde and retrograde 
transport of horse-radish peroxidase (Saidel, 1982) (see Table I). 
Table 1.1. Afferent and efferent connections between the optic lobe and other parts 
of the central nervous system of cephalopods. (From Young, 1971, 1974; Saidel, 
1982). 
Lobe Octopus vulgaris" Octopus vulgaris Loligo forbesii c 
Afferent Efferent Afferent Efferent Afferent Efferent 
Anterior - Basal 
Brachial 
Dorsal - Basal 
Inferior Frontal 
Inter Basal 
Lateral Basal 
Magnocellular 
Median Basal 
Precommissural 
Sub Vertical 
Superior Frontal 
Peduncle 
Dorsal & Ventral 
optic Commissures 
Palliovisceral 
y y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
Retina Y Y Y 
y y 
y y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
• From Saidel ( 1982). Used retrograde and orthograde transport of horseradish peroxidase. 
b From Young ( 1971 ). Used silver impregnation and degeneration. 
'From Young (1974). Used silver impregnation and degeneration. 
Y indicates positive connections. 
The connections form the optic tract, which effectively allows communication 
between the optic lobe and other areas of the central nervous system (CNS). 
Attached to the optic tracts are the peduncle and olfactory lobes (nervous) and the 
non-nervous (endocrine) optic gland (Young, 1971). 
1.9 NEUROTRANSMITTERS OF THE RETINA AND OPTIC NERVE 
Indirect ultrastructural evidence that the retinal photoreceptors are cholinergic is 
available (Tonosaki, 1965; Gray 1970). These reports elucidated round agranular 
synaptic vesicles in the photoreceptor retinal collaterals that are reminiscent of 
cholinergic synapses. Cohen (1973b) showed the presence of dense-cored vesicles 
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in, presumably, efferent centrifugal fibre terminations. Other evidence demonstrating 
the possible neurotransmitters involved in these fibres has been given by Lam et al. 
(1974) who incubated cephalopod retinas with labelled precursors of acetylcholine, 
noradrenaline, y-aminobutyric acid (GABA), dopamine and octopamine. Only 
significant synthesis of dopamine and acetylcholine were found. Rosenberg et al. 
(1966) found high levels of acetylcholine and the synthetic enzyme choline acetylase 
(cholineacetyltransferase), in the retina of the squid. Feldberg et al. ( 1951) failed to 
detect this, probably due to an insensitive protocol being employed. Kime and 
Messenger ( 1990) found dopamine in the retina of Loligo vulgaris but not in the 
retina of Octopus vulgaris. Noradrenaline and 5-HT were also found in small 
quantities in the retina of 0. vulgaris but not in L. vulgaris. Juorio & Killick, 
however, found dopamine, noradrenaline and 5-HT in the retina of 0. vulgaris but 
also in very small quantities. Suzuki & Tasaki (1983) found that dopamine when 
injected into regions of the Octopus retina produced enhanced electroretinograms 
(ERGs). This enhancement was found only when dopamine was injected into the 
plexus region and not at the photoreceptive area of the retina, suggesting that 
dopamine activity is localised in this region. Suzuki & Tasaki ( 1983) concluded that 
dopamine was the neurotransmitter released at the efferent terminals of the Octopus 
retina. 
Histochemical and immunohistochemical evidence for putative neurotransmitter 
localisation in the retina has been provided by a number of authors (Tansey, 1980; 
Silver et al., 1983; Osborne et al., 1986; Kito et al., 1990), although some of these 
reports are contradictory. Tansey ( 1980) showed aminergic fluorescence in the 
region of the optic lobe where the centrifugal fibres originate but not where the 
retinal photoreceptor axons terminate. Silver et al. ( 1983) used glyoxilic 
fluorescence to histochemically show the presence of aminergic (probably 
dopaminergic) neurons in the cephalopod retina and concluded that these were the 
efferent centrifugal fibres from the optic lobe. Osborne et al. (1986) found a single 
layer of substance-P like immunoreactivity in the cephalopod retina but found no 
immunoreactivity for tyrosine hydroxylase, 5-HT, GABA, cholecystokinin, 
neuropeptide Y, somatostatin, enkephalin or vasoactive intestinal peptide. However, 
Kito et al. (1990) found immunoreactive 5-HT containing cells in the retinal plexus 
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and optic nerve. From these reports it is now considered that the afferent retinal 
photoreceptor axons are cholinergic whilst the majority of efferent centrifugal axons 
are dopaminergic. 
1.10. CEPHALOPOD ELECTROPHYSIOLOGY 
The peripheral nervous system of cephalopods has long been associated with 
electrophysiological investigations. The re-discovery of the squid giant axon by 
Young (1936) and the further pioneering work by Hodgkins & Huxley (1952a-d) has 
established the cephalopod as a useful model· for understanding neuronal function. 
Hodgkins & Huxley (1952a-d), using the squid giant axon, established the ionic basis 
for generation and propagation of action potentials as well as the importance of 
sodium and potassium ions. Action potentials have also routinely been recorded 
from different components of the peripheral nervous system the statocysts (Maturana 
& Sperling, 1963; Budelmann & Wolf, 1973; Williarnson & Budelmann, 1985; 
Williamson, 1985, 1986, 1988, 1989a,b; Chrachri & Williamson, 1998), the mantle 
(Gray, 1960; Boyle, 1976; Boyle & Froesch, 1979) and the nerves innervating the 
chromatophores (Messenger & Miyan, 1986). Although electrophysiological 
recordings have been made from the peripheral nervous system, including sensory 
systems, recordings from the central nervous system are relatively rare. The majority 
ofthe recordings obtained from cephalopods have been taken from the visual system, 
including the retina (Beck, 1899; Piper, 1904; Frohlich, 1914; Therman, 1940; 
Hagins et al., 1962; Tasaki et al., 1963a,b;c; Boycott et al. 1965; Hagins, 1965; 
Norton et al., 1965; Corner & Schade, 1967; Hamasaki, 1968; Duncan & Weeks, 
1973; lto et al., 1973; Tsukahara et al., 1973; Lange & Hartline, 1974; Weeks & 
Duncan, 1974; Cl ark, 1975; Uuncan & Pynsent, 1979; Pinto & Brown, 1977; Duncan 
& Pynsent, 1979; Lange, Hartline & Hurley, 1979), the optic nerves (MacNicholl & 
Love, 1960a,b; Lettvin & Maturana, 1961, 1962; Boycott et al., 1965; Corner & 
Schade, 1967; Karita & Tasaki, 1973; Hartline & Lange, 1974; Lange & Hartline, 
1974) and the optic lobe (MacNicholl & Love, 1960a,b; Lettvin & Maturana, 1961; 
Lettvin, 1962; Boycott et al., 1965; Corner & Schade, 1967; Dow & Pearl man, 1974; 
Hartline & Lange, 1974; Lange & Hartline, 1974; Stephen, 1974; Orlov et al., 1982; 
Williamson et al., 1993). 
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1.10.1. Reti11a 
The existence of electrical activity generated by photic input to the cephalopod eye 
has been documented since the turn of the century (Beck, 1899; Piper, 1904; 
Frohlich, 1914). This activity generated within the retina by photic stimulation is 
known as the electroretinogram (ERG). The ERG has also been demonstrated more 
recently (Weeks & Duncan, 1974). The cephalopod retina has provided an ideal 
preparation, both in vitro and in vivo, to study the dynamics of a simple 
photoreceptive element. The ERG from the isolated retina has been extensively used 
to investigate visual function in a number of cephalopod species. 
The in vivo ERG has been investigated in intact, anaesthetised octopus (Hamasaki, 
1968) as well as from intact, freely swimming octopus (Boycott et al., 1965). The 
response dynamics of the cephalopod ERG (in the in vitro retinal preparation) to 
different visual cues has been studied in Nautilus (Lange, Hartline & Hurley, 1979) 
and Sepiola atlantica (Weeks & Duncan, 1974; Clark, 1975; Duncan & Pynsent, 
1979). Oscillations in the ERG have been demonstrated from the intact (Boycott et 
al., 1965) and the isolated retina of cephalopods (Tsukahara et al., 1973; lto et al., 
1973; Lange & Hartline, 1974). 
The cephalopod ERG has been demonstrated to possess two sustained monophasic 
potentials (Therman, 1940). When the recording electrode is placed near to the 
vitreal surface of the retina the ERG is a positive potential deflection. If, however, 
the electrode tip is moved deeper the response becomes negative. Further evidence 
for this dual nature of the cephalopod ERG has been documented for Sepia/a 
atlantica (Weeks & Duncan, 1974; Clark, 1975); Todarodes (llo et al., 1973) and 
Sepia (Corner & Schade, 1967). The differences between the surface positive and 
deep negative potentials has been further elaborated and the presence of a 
physiological centre, possibly analogous to the vertebrate fovea, suggested (Tasaki et 
al., 1963c; Norton et al., 1965). Ilo et al. (1973) also demonstrated the presence of 
this physiological centre in the retina of Todarodes. 
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Spectral sensitivity ha~ been studied using the in vitro retinal preparation and the 
gross ERG in Eledone (Hamdorf et al., 1968), Octopus (Hamasaki, 1968), Todarodes 
(lto et al., 1973) and Sepiella (Minjun & Weiyun, 1982). Flicker fusion frequency 
has been examined in the Octopus retina by Hamasaki (1968). Tasaki & Karita 
(1966a,b) have used the isolated cephalopod retina and the ERG to investigate the 
sensitivity to polarised light of the cephalopod eye. The evidence for such a function 
of the rhabdomeric retinal photoreceptors has been extended by the use of 
intracellular electrodes to investigate the effects of different vectors of polarised light 
upon single units (Sugawara et al., 1971; Tasaki & Tsukahara, 1972). The ionic 
basis of photoreceptor activity following photic absorption has also been extensively 
studied using the isolated retina (Hagins et al., 1962; Duncan & Weeks, 1973; Pinto 
& Brown, 1977; Duncan & Pynsent, 1979). For a full review of the above papers see 
Messenger, 1981). 
Electrophysiological recordings from single enzymatically isolated photoreceptors 
from the retina of the squid, Loligo pealei, have also been obtained (Nasi & Gomez, 
1992). This paper detailed a protocol for the successful isolation of photoreceptors 
that retain their photoresponsiveness (as measured by extracellular recordings with 
suction electrodes) and whose macroscopic membrane currents could be measured by 
the whole-cell tight-seal and perforated patch techniques of patch clamping. 
1.10.2. Optic Nerves 
Electrophysiological recordings from the optic nerves of cephalopods are scarce; this 
is mainly due to the lack of a viable preparation. The intact animal is difficult to 
keep under anaesthesia and the isolated eye-optic lobe system does not survive well. 
The first recordings from the cephalopod optic nerves are from MacNicholl & Love 
(1960), who used a restrained, perfused Loligo pealii preparation. They showed the 
presence of "on" units in optic nerves and concluded that action potential 
propagation was responsible for the transmission of information from the eye to the 
optic lobe. Gross recordings from the optic nerves of Octopus (Lettvin & Maturana, 
1961, 1962; Boycott et al., 1965) and Sepia (Corner & Schade, 1967) have also been 
recorded. 
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The majority of information upon cephalopod optic nerve discharges have centred 
around the use of an isolated eye-optic lobe preparation. Karita & Tasaki ( 1973) 
used an isolated eye-optic lobe preparation to obtain light evoked discharges in the 
optic nerves. Hartline & Lange (1974) have provided the most substantial study on 
light evoked optic nerve discharges using an isolated eye-optic lobe preparation. 
Slow and fast units, corresponding to centrifugal and afferent activity respectively, as 
well as units with "on", "off' and "on-off' characteristics have also been elucidated. 
(The electrical activity of the cephalopod optic nerve is reviewed in more detail by 
Messenger ( 1981 )). 
1.10.3. Central nervous system 
Cephalopods possess well-developed central nervous systems that provide them with 
the mechanisms for learning, memory, rapid escape responses and a multitude of 
other behavioural functions available to few other invertebrates. The neuroanatomy 
of these complex central nervous systems has been extensively studied and is now 
relatively well understood. Despite these obvious attractions of the cephalopod CNS 
for electrophysiological investigations there still remains a paucity of documented 
electrophysiological recordings from the cephalopod CNS. The main reasons for this 
lack of data is: 
I. Cephalopods are soft-bodied animals rendering adequate immobilisation, required 
for successful recordings, difficult. 
2. Cephalopods do not respond well to anaesthetics. 
3. CNS nerves are very susceptible to anoxia, a condition that is inevitable during the 
preparation of the animal. 
4. Many of the numerous neurons in the cephalopod CNS are small and difficult to 
impale. 
5. Upon entry cif a microelectrode into the cephalopod CNS local circulation can be 
closed off, resulting in hypoxic conditions in the area of interest. 
6. Also discrete portions of the cephalopod CNS tend not to survive well after 
removal. 
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Due to these limitations, there are only a small number of published reports 
describing electrophysiological recordings from the cephalopod CNS. These 
recordings have been obtained from four principal categories of preparation; (I) 
Restrained anaesthetised animals (MacNicholl & Love, 1960a,b; Stephen, 1974; 
Dow & Pearlman, 1974; Orlov et al. 1982), (2) unrestrained unanaesthetised animals 
(Bullock & Budelmann, 1991 ), (3) isolated preparations (Lwerack, 1980; Miyan & 
Messenger, 1995) and (4) brain slice preparations (Williamson & Budelmann, 199:1; 
Williamson et al., 1993; Glanfield, 1997). Although the retina is largely classed as 
an extension of the CNS, in this case recordings from the retina and the optic nerves 
are not grouped with recordings obtained from the optic lobe or supraoesophageal 
mass. Recordings from the eye and optic nerves have been reviewed previously (see 
sections 1.11.1 and 1.11.2). 
Of the reported recordings of electrical.activity from the cephalopod CNS a number 
were obtained from the optic lobe. These early reports are limited in the information 
provided, this is due not to any lack of effort rather to the specific limitations of the 
preparations which were used. In order to describe the progression of 
electrophysiological recordings from the cephalopod CNS, recordings obtained from 
the optic lobe and the remaining regions of the CNS will now be discussed, together, 
chronologically. 
The first published accounts of recordings from the cephalopod CNS came from 
MacNichol & Love (1960a,b) who used a heavily restrained intact Loligo 
preparation. After photic stimulation of the eye, multiple units were recorded with a 
microelectrode in the optic lobe. At the surface of the optic lobe multiple unit 
activity, that was identical to that recorded from the optic nerve under similar 
illumination, was recorded. llhis was undoubtedly attributable to optic nerve 
terminations in the optic lobe. In addition, spontaneous activity could be 
demonstrated from deeper in the lobe. 
Boycott et al. ( 1965) published a study describing electrophysiological recordings 
from the cephalopod CNS using up to four electrodes planted simultaneously into the 
visual system of Octopus vulgaris, recordings were obtained from freely swimming 
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animals in response to brief, photic stimulation. Although the majority of the 
recordings were obtained from the eye or optic nerves, response from the optic lobe 
were, however, obtained (see figure 1.7). These extracellular recordings showed 
slow waves generated in response to brief visual stimulation as well as trains of fast 
oscillations. Daw & Pearlman (1974), using an anaesthetised, restrained squid 
(Loligo pealei) preparation described single unit activity in the optic lobe in response 
to photic stimulation of the eye. This single unit activity was probably attributable to 
afferent optic nerves terminating in the optic lobe cortex. 
Stephen ( 1974) provided an account of extracellular responses recorded from various 
regions of the CNS of Octopus vulgaris, including the eye, optic lobe, peduncle lobe 
and median superior frontal lobe. Stephens (1974) claimed to have provided 
evidence for a reverberating neural loop, first proposed by Young ( 1971 ), due to 
anatomical considerations, no actual recordings were, however, presented. 
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Figure 1.7. Recordings taken the periphery of the optic lobe of intact, freely 
swimming cuttlefish (Sepia officianalis) after photic <;timulation. (A) Upper trace 
shows negative, long duration response with two components. Lower trace show 
long duration negative response. (B) Upper trace again shows the long duration 
negative response. Lower trace shows oscillatory potential. Taken from Boycott et a/ 
(1965) 
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Using an isolated, semi-intact, perfused preparation of Eledone cirrosa Laverack 
(1980) recorded intracellular responses from neurons lying in the supraoesophageal 
mass. Laverack ( 1980) categorised the different classes of cells revealed in this study 
into three main types. Firstly cells exhibiting stable membrane resting potentials 
(MRPs) (approximately -60mV) and apparently no electrical excitability (no resting 
potential tluctuations due to synaptic inputs, action potentials or activity due to 
electrical stimulation via the recording electrode). Secondly, numerous cells with 
MRPs of around -30mV, showing spontaneous action potential discharge (the 
amplitude of the spikes was between 4 and lOmV). Thirdly, a group of cells 
exhibiting MRPs of between -30 and -45mV with some spontaneous action 
potentials (amplitude between 20 and 25m V), the frequency of the discharge of these 
spikes could be modulated by depolarising or hyperpolarising the cell. Laverack's 
study was the first published account of intracellular recordings obtained from the 
CNS of any cephalopod. Although this report provided evidence that the cephalopod 
brain exhibits electrical activity, the lack of neuronal identification is a serious 
drawback to the study. Also although intracellular impalements could be obtained, 
maintaining them for any length of time was difficult due to mechanical instability 
during the experiments. 
Orlov et al., (1982) recorded single unit activity and "slow activity" from the optic 
lobe of restrained squid (Todarodes pacificus) evoked by visual stimuli. At the 
surface of the optic lobe volley's of impulses were detected when light was presented 
to the eye, these volley's were extinguished when the stimuli was removed. These 
single units were attributed to the presynaptic elements originating from the retina 
(the optic nerve terminations). Deeper into the optic lobe Orlov et al., (1982) 
reported elements that showed spontaneous activity when no light was presented, but 
which was suppressed when light stimuli was applied. Slow potential tluctuations 
were also described in the optic lobe in response to photic stimulation of the eye, 
these oscillations diminishing in amplitude with increasing time (Orlov et al., 1982). 
A relatively recent study by Bullock & Budelmann (1991) reported the use of 
microelectrodes inserted through the cranial cartilage of unrestrained, unanesthatised 
cuttlefish, Sepia officianalis. This technique, using freely swimming animals, 
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recorded evoked extracellular potentials in different regions of the brain after various 
stimuli. Compound field potentials and single unit spikes were reported after sens01y 
stimulation and during ongoing, spontaneous activity. 
Using a relatively thick brain slice preparation from Octopus bimaculoides 
Williamson & Budelmann (1991) published the first intracellular recordings obtained 
from identified neurons in the cephalopod CNS. This report demonstrated 
convergent excitatory inputs on oculomotor neurons in the anterior lateral pedal lobe 
from the visual system and the statocyst system. Neurons possessing MRPs of 
around -40mV and exhibiting action potentials (up to 20mV in amplitude) were 
impaled. This report was the first to use a brain slice preparation for the 
electrophysiological investigation of the cephalopod CNS. 
A preliminary investigation into the processing of visual input from the retina in the 
optic lobe slice was provided by Williamson et al., (1993) who used a thin slice 
preparation of the optic lobe from the squid, Doryteuthis bleekeri. Using 
conventional extracellular recording techniques to obtain evoked field potentials after 
optic nerve stimulation and optical recordings using a voltage sensitive dye, the first 
physiological data on the processing of visual information in the cephalopod CNS 
was provided. Williamson et al., (1993) described the spatial and temporal spread of 
electrical activity in the cortex of the optic lobe slice preparation after orthodromic 
stimulation of a single optic nerve. 
Intracellular recordings from the chromatophore lobes of Octopus vulgaris in 
conjunction with dye-filling of neurons have been obtained by Miyan & Messenger 
(1995) using a semi intact, whole brain preparation. This preparation used extensive 
surgical procedures to render the animal immobile. The subsequent preparation was 
stable and long lasting with neurons exhibiting membrane resting potentials (MRPs) 
of between -20 and -40m V (latter preparations had neurons with MRPs of between -
35 and -45mV) were routinely obtained. Three classes of neurons were described by 
Miyan & Messenger ( 1995), these were cells which exhibited continuous tonic 
spontaneous activity, cells which showed no spontaneous activity and cells which 
demonstrated regular bursting activity. Although this preparation provided 
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intracellular records from labelled neurons, there were distinct, intrinsic limitations, 
most notably the lack of investigation of smaller neurons lying deeper in the tissue. 
The majority of the cells impaled in this study were from the periphery of the 
preparation. Also movement artefacts due to respiration made data interpretation 
difficult. 
Glanfield ( 1997) furthered the work begun by Miyan & Messenger (1995) by 
developing a slice preparation of the cephalopod brain, incorporating the posterior 
chromatophore lobe. This study provided detailed extracellular and intracellular 
recordings from labelled neurons in the PCL. The morphology of the PCL neurons 
was studied by the dye filling of impaled neurons with dyes such as Iucifer yellow. 
Glanfield ( 1997) also evaluated the artificial sea water (ASW) solution best suited for 
slice viability and survival as well as evidence concerning the pharmacology of PCL 
neurons. 
Tt is clear that over the past four decades that, even with all of the problems that 
cephalopod preparations present, some attempts have been made at making 
electrophysiological recordings from the cephalopod CNS. Early attempts relied on 
the heavy restraint of whole animals in vivo. Techniques evolved to include isolated, 
semi-intact preparations, yet these too possessed many inherent problems for the 
successful investigation of neuronal processes. Over the last decade new techniques 
have been developed that should allow us to understand the complexities of the 
highly developed CNS of the cephalopods. The technique of Bullock & Budelman 
(1991) has provided an insight into the neuroethology of cephalopod behaviour. 
Also the development of thin slice preparations of the cephalopod CNS has allowed 
us to begin to unravel the mechanisms of cephalopod sensory physiology, as well as 
the neural control of complex systems such as the chromatophore system. 
1.11. BRAIN SLICE PREPARATION 
Neuroscientists have for a long time studied the neurophysiology of single neurons in 
vitro and of whole brains in vivo. These preparations have quite obvious intrinsic 
difficulties. Using isolated neurons, for instance removes all of the synaptic 
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interactions and neural circuitry that are so important 10 an animal's 
neurophysiological behaviour. Also the treatments that are used in the isolation of 
single neurons are likely to be detrimental to the overall physiology of the cell. At 
the other end of the spectrum, however, the understanding of the physiology of the 
massively coniplex whole brain is a daunting task to undertake. Maintaining brain 
tissue, in vitro, is obviously a technique, which can allow the investigator access to 
1brain tissue with some of its neural circuitry and synaptic connections intact, as well 
as providing control of the external experimental conditions. 
Sections of mammalian brain have been utilised in metabolic studies for more than 
half a century. It was not until Mcllwain (1951) showed that the connections 
between metabolism and electrical activity seen in vivo were preserved in vitro. 
Further revolutionary work by Mcllwain and his collaborators have evolved the 
technique of using brain slices for the study of neuronal electrophysiology in vitro 
that mirrored the in vivo behaviour (Choh-Luh Li & Mcllwain, 1957; Yamamoto & 
Mcllwain, 1966; Yamamoto & Kawai, I967a; Yamamoto & Kawai, l967b; Gibson 
& Mcllwain, 1965). It was not until 1970 that Yamamoto developed the transverse 
hippocampal brain slice preparation that has since been so widely utilised. 
Brain slices have been studied from a wide range of regions from the vertebrate CNS 
including the neocortex (Mcllwain, 1951), the prepirif~:>rm cortex with the lateral 
olfactory tract (Haberley & Shepherd~ 1973; Yamamoto & Mcllwain, 1966), the 
dentate area (Yamamoto & Kawai, 1967), the hippocampus (Yamamoto, 1970; 
Skrede & Westgard, 1971), the cerebellum (Okamoto & Quastel, 1973; Yamamoto, 
1974), the superior colliculus (Kawai & Yamamoto, 1967) and the lateral geniculate 
nucleus (Kato, 1974; Yamamoto, 1974;). 
The use of in vitro brain slice techniques offers a number of advantages over in vivo 
and cultured cell techniques, these include: 
I. Extracellular, intracellular, whole-cell patch clamp and optical imaging usmg 
voltage sensitive dyes are all techniques which are simple to use with the brain slice 
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preparations. Access to internal parts of the central nervous system of animals in 
vivo can prove difficult with microelectrode techniques, the electrode tip can 
break/clog when passing through large distances of brain. 
2. The use of slice preparations allows for the visualisation of neuronal assemblages 
or, in some cases, individual cells with a dissecting microscope. Pre-synaptic fibre 
tracts can also be readily seen. This visualisation of pre- and post-synaptic regions 
allows for the positioning of recording and stimulating electrodes under visual 
control. 
3. No anaesthetics are required, thus aiding the investigation of synaptic transmission 
and neuronal membrane properties that might otherwise be adversely affected. 
4. The brain slice is maintained in an artificial saline solution that is perfused across 
it. The ionic composition of the extracellular medium can be easily controlled. 
5. The intracellular ionic composition can be controlled during intracellular and 
whole-cell patch clamp recordings. 
6. Neuroactive agents can be bath applied to the tissue in exact concentrations by the 
addition to the perfusate. 
7. Brain slices offer advantages over tissue cultures as neuronal circuitry and 
synapses remain intact. 
8. Interactions with other brain regions are controlled. 
It is clear that the use of brain slices provides a powerful tool in understanding the 
physiology and electrical activity of neural assemblages, there are, however, still a 
number of conceptual and methodological limitations that constrain its use (Reid et 
al., 1988). These limitations include differences in the metabolic and structural 
integrity between in vitro and in vivo tissue and the response of the tissue to pre- and 
post-sacrifice stress e.g. hyperglycaemia, hypoxia etc. (For a full review of the 
problems associated with the use of brain slices see Reid et al. ( 1988)). During the 
preparation of the brain slice and throughout the experiment the methods employed 
are designed to minimise these limitations. 
The use of the brain slice technique has been documented for a number of vertebrate 
phyla. There are, however, very few reports concerning the use of a slice preparation 
of invertebrate CNS tissue. This is undoubtedly due to the lack of complexity and 
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small numbers of cells in the majority of invettebrate neural organisations. Of the 
invertebrates, the cephalopod CNS seems the most likely to benefit from such a slice 
preparation due to its complexity, large number of neurons and organisation into 
discrete lobes. The cephalopod CNS has recently been used as a slice preparation 
(Williamson et al., 1993; Williamson & Budelman, 1991; Glanfield, 1977). 
Williamson et al. (1993) provided preliminary information upon the resultant 
electrical activity after optic nerve stimulation using a slice preparation of squid 
(Doryteutllis bleekeri) optic lobe, field potentials and optical imaging with voltage 
sensitive dyes. Williamson & Budelman (1991) used a slice preparation of the 
Octopus brain to investigate Octopus (Octopus bimaculoides) oculomotor neurons 
and produced the first intracellular recordings from identified neurons in the 
cephalopod CNS. A study of the morphology and electrophysiology of cells in the 
cephalopod posterior chromatophore lobe was undertaken using a brain slice 
preparation (Glanfield, 1997). 
1.12. VISUAL DISCRIMINATION AND PROCESSING 
The complexity of the cephalopod eye, along with the sophisticated visual processing 
that undoubtedly takes place in the optic lobes, are strong indirect indicators of the 
imp01tance of vision as a sensory mechanism in cephalopod behaviour. As a 
cephalopod grows, its prey preference changes accordingly. Discrimination between 
possible prey items and potential predators must be made. The outlines of such 
visual stimuli produce points of reference, which must be recognised to evaluate and 
carry out an appropriate response, attack or retreat being a common decision. 
To elucidate the efficiency of the cephalopod visual system at discriminating between 
various aspects of visual input many ingenious experiments have been undertaken. 
Predominantly these entail behavioural tests with an animal being rewarded or 
punished for discriminating between pairs of 'discriminada'. Usually these 
discriminada are objects that differ only in one aspect of visual information, such as 
brightness, orientation and size. The results of a number of these experiments have 
been reviewed by Wells (1978) and Messenger (1991). The majority of these 
experiments have been performed upon Octopus vulgaris, and a number of types of 
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information that can be extracted from their visual field have been elucidated. 
Octopus can discriminate between brightness (black from white, as well as gray from 
white; Messenger & Sanders, 1971), size (Messenger, 1977), orientation (Sutherland, 
1957) and form (Boycott & Young, 1956). The plane of polarisation of light can also 
be detected by Octopus (Moody & Parriss, 1960; 1961 ). One feature that 
(surprisingly) is unlikely to be detected by cephalopods is the differences in 
wavelength of light (i.e., colour vision). With the wide range of colour changes 
available to cephalopods via the chromatophore system, it might be expected that the 
cephalopod visual system could discriminate between different hues. Many reports 
encompassmg behavioural (Messenger et al., 1973; Messenger, 1977b), 
morphological (Cohen, 1973a) and biochemical (Hara & Hara, 1972) data exist, 
however providing evidence that cephalopods do not possess colour vision. 
The discrimination of visual input is thought to be undertaken in the optic lobe 
cortex. First order neurons of the visual pathway (retinula cells) synapse with second 
order neurons in the cortex (Young, 1971). The latter are thought to be either 
amacrine cells or centripetal cells, also known feature detectors (Young, 1991 ). 
Feature detectors, possess dendritic fields that are widespread and varied in shape 
(Young, 1974). Young (1960) suggested that the dendritic fields are arranged in such 
a fashion to extract particular aspects of visual input and keep the information correct 
with respect to gravity, a mechanism that is presumably aided by the statocyst system 
of cephalopods. Wells (1960) showed that Octopus cannot reliably discriminate 
between figures differing only in orientation after statocyst removal. The dendritic 
fields appear to be arranged in ellipses that are found in the horizontal and vertical 
planes (Young, 1960), thereby forming a receptor orientated network. 
Axons from centripetal cells travel towards the centre of the lobe and interact with a 
number of other neurons. Subsequent neurons of the visual pathway then presumably 
leave the optic lobe via the optic lobe tracts and head towards other regions of the 
CNS in order to elicit an appropriate response to the visual cues (Young, 1991 ). 
Visual input that corresponds to a potential predator presumably causes an escape 
response via cells of the visual pathway communicating with the magnocellular lobe 
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whereas cells connected to the peduncle and basal lobes are probably responsible for 
attack behaviour (Young, 199'1 ). 
1.13. AIMS 
Although there is clearly a variety of published information concerning the structure 
and physiology of the cephalopod visual system there are large gaps in our 
knowledge. The main areas where our understanding is limited are concerned with 
the electrophysiology of the optic nerves and optic lobes and the pharmacology of the 
system. 
Early reports have demonstrated that the optic nerves pass information from the 
retina to the optic lobe by action potential propagation (MacNichol & Love, 
1960a,b), also single units have been documented from the optic nerves (Lange & 
Hartline, 1974). A thorough investigation of the transmission of information along 
the optic nerves is lacking. Recordings from the optic lobes are even rarer than 
recordings from the optic nerve. So far the only published recordings come from in 
vivo preparations (MacNichol & Love, 1960a,b; Boycott et al 1965; Orlov et al., 
1982) and from early attempts with an in vitro optic lobe slice preparation 
(Williamson et al., 1993). The in vivo reports show mainly single and multiple unit 
activity at the surface of the optic lobe which is presumably activity recorded from 
the presynaptic optic nerves that terminate in this region. Williamson et al. ( 1993) 
provided some preliminary information about the use of the optic lobe slice 
preparation and laid the groundwork for further studies. 
The morphology of individual retinal terminations m the optic lobe have been 
extensively documented at both the light and electron-microscopical levels but there 
is only one, limited report detailing the morphology of single optic nerve bundles 
terminating in the optic lobe (Saidel, 1979). This report suffered considerable 
drawbacks in the technique utilised (cobalt backfilling of optic nerve bundles). 
Further information detailing the patterns of optic nerve terminations in the optic 
lobe are required. 
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The identity of the excitatory neurotransmitter involved at the first synapse in the 
cephalopod visual pathway has been speculated to be acetylcholine but no firm 
electrophysiological evidence has been provided to support this theory. Similarly, 
although there is strong biochemical evidence suggesting the identity of different 
neurotransmitters located in the optic lobe, there is limited histochemical and 
immunohistochemical evidence to suggest the identity of putative neurotransmitters 
used by the vast array of neuronal types found in the optic lobe. 
The cephalopod visual system is clearly an interesting sensory system the physiology 
of which is relatively poorly understood. Although the cephalopod visual system is 
an analogous system to the vertebrate visual apparatus it is also a simpler model. The 
unravelling of this invertebrate visual system may help to produce a clearer 
understanding of the more complex marrunalian system. This study is intended to till 
in the some of the gaps in our knowledge of the cephalopod visual system, 
concentrating on the morphology of the optic nerve terminations, 
immunohistochemical localisation of putative neurotransrnitters in the optic lobe and 
the electrophysiology of the optic lobe cortex, where visual processing is thought to 
take place. 
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The main aims of this study is to attempt to address these deficiencies m our 
knowledge and are:-
1. To use relatively modern neuronal tracing methods in conjunction with laser 
scanning confocal microscopy to provide detailed, high resolution images of the 
patterns of retinal photoreceptor terminations in the optic lobe. 
2. To develop an in vitro slice preparation of the cephalopod optic lobe and use the 
preparation to classify the evoked field potentials (EFPs) recorded from the slice 
after the stimulation of a single optic nerve bundle, (to simulate visual input). 
Also to investigate various properties of the EFP such as stimulus-response 
relationships and frequency potentiation/facilitation. 
3. To use ionic substitution experiments to provide further information on the 
separation of pre- and postsynaptic components of the ON-EFP recorded from the 
different regions. Also to investigate the effects of altering principal extracellular 
cations (Na+, K+. Mg2+ and Ca2+) upon the pre- and postsynaptic components of 
the ON-EFP. 
4. To extensively map the resultant potentials, after ON stimulation, in the slice and 
use current source density analysis in an attempt to spatially and temporally 
localise the current 'sources' and 'sinks' that produce the potential changes. 
5. To elucidate the nature of the excitatory transmitter at the first synapse in the 
cephalopod visual system by bath applying various neuroactive agents (primarily 
cholinergic antagonists and acetylcholinesterase inhibitors). 
6. To attempt to localise and identify putative neurotransmitters in the different 
neuronal populations in the cephalopod optic lobe using histochemical and 
immunohistochemical methods. 
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CHAPTER 2 : MORPHOLOGY OF RETINAL 
PHOTORECEPTOR AXON TERMINATIONS 
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2.1. INTRODUCTION 
The cephalopod ·eye is connected to the central nervous system by numerous optic 
nerve bundles. These optic nerve bundles contain axons from the photoreceptive 
retinula cells located in the eye (Lenhossek, 1896; Cajal, 1917; Young, 1962b, 1971, 
1974; Dilly et al., 1963; Case et al., 1972; Cohen, 1973a, b; Case, 1976), as well as 
axons from centrifugal cells found in the inner granular cell layer of the optic lobe 
cortex (Cajal, 1917; Young, 1962a, 1971, 1974; Saidel, 1979). For a more detailed 
review of the structure of the optic nerve, see section 1.6. 
The conventional techniques that have predominantly been used for the study of 
cephalopod neuroanatomy utilise the selective impregnation of individual neurons. 
For example, Golgi impregnation and silver staining techniques have been used to 
elucidate the morphology of cephalopod retinula cell terminations in the optic lobe 
cortex ((Lenhossek, 1896; Caja.J, 1917; Young, 1962b, 1971, 1974). Although these 
methods have demonstrated the morphology of individual cells they do not allow for 
the visualisation of numerous adjacent axons in detail, nor do they show the 
topographic mapping of individual optic nerve bundles onto the optic lobe. 
Saidel (1979) made an early attempt at elaborating this topographic mapping of 
afferent input into the optic lobe using the intracellular diffusion of cobalt ions 
through cut optic nerves. This technique allowed for the retrograde filling and 
visualisation of optic nerves in the optic lobe, but also had a number of limitations. 
The optic nerves, emergent from the sclera of the eye, pass through the dorsoventral 
chiasma, before diverging at various points close to the periphery of the optic lobe 
into optic nerve bundles. Saidel (1979) backfilled whole optic nerves close to the 
retina, these therefore were comprised of numerous individual optic nerve bundles. 
This study intended to reveal the mapping of individual optic nerve bundles around 
the circumference of the optic lobe, not whole optic nerves. Another limitation to the 
technique described by Saidel (1979) was that the retrograde filling of neurons 
required that the cells remained alive. The backfilling of neurons took between 4 and 
20 hours; this relatively long period may have resulted in the lack of viability of 
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neurons and consequently unfinished filling of the terminations. This extended 
period of backfilling, with live tissue, may still be too short for the diffusion of Co2+ 
ions to be complete, if this were the case then the visualised terminations may not be 
completely filled. In addition, due to this long period the morphology of the tissue 
could be adversely affected, and the subsequent analysis flawed. 
Other techniques have been utilised for retrograde filling of neurons m order to 
elucidate their projected innervation patterns upon different regions. Fluorescent 
dyes, such as Lucifer yellow and fast olue, are polar tracers that will diffuse 
intracellularly (much like cobalt ions). After diffusion, the. tissue can be fixed, 
processed and the staining viewed under epifluorescent illumination. Another 
method of retrogradely filling neurons involves the intracellular diffusion of a biotin 
related compound (e.g. Neurobiotin, biocytin etc.) followed by the fixation of the 
tissue, incubation with a fluorescent molecule conjugated to avidin, and the 
subsequent processing and viewing of the tissue. Again these techniques involve the 
use of retrogradely filling live neurons and the maintenance of live preparations; 
consequently, they have the intrinsic limitations associated with the cobalt 
visualisation of axons over long distances, 
A recently developed technique using lipid soluble dyes has been used, in a number 
of preparations, to label cell membranes in fixed and live tissues. This technique 
uses the carbocyanine dyes dil (1, 
indocarbocyanine perchlorate) and 
I' -dioctadecyl-3, 3, 3', 3' -tetra methyl 
diO (3, 3' -dioctadecyl-oxacarbocyanine 
perchlorate), which are long chain, lipid soluble fluorescent molecules, to label cells 
both in vivo and ill vitro. The initial use of dil in labelling cell membranes was by 
Schlessinger et al., (1977) who used the long chain carbocyanine dyes to probe the 
fluidity of the cell plasma membrane. Later Shwartz & A gran off ( 1981) used dil to 
label the plasma membranes of neurons in culture, and view their structures 
immediately after labelling, Honig & Hume (1986) used these dyes to label neurons 
in culture for periods of up to several weeks. The long term labelling of neurons in 
culture with dil has been used to investigate different neuronal mechanisms such as 
synapse formation (Hume & Honig, 1987) and the regulation of the expression of 
neurotransmitter receptors during development (Ciendending & Hume, 1987). Dil 
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and diO has been used in vivo to retrogradely (Honig & Hume, 1989) and 
anterogradely (Landmesser & Honig, 1986; Fish et al., 1991) label neurons in 
vertebrate tissue whilst Robertson et al. (1993) have used dil to trace neuronal 
elements in octopus brain iu vivo. Perhaps one of the most important use of dii 
labelling was the discovery that the carbocyanine dyes can label neuronal elements in 
fixed tissues. Godement et al. ( 1987) developed the use of dil as an anterograde and 
retrograde tracer in fixed tissue. Hayaran & Bijlani (1992) have used dil to trace 
axonal projections in fixed vertebrate tissues whilst Zill et al. ( 1992), Glanfield 
( 1997) and Odblom ( 1998) have all used dil to trace neuronal pathways in fixed 
invertebrate tissue. 
The use of carbocyanine dyes for labelling neuronal elements has been reported to be 
preferable to the use of tracers in live tissue (Honig & Hume, 1989). Tracing in fixed 
tissue using carbocyanine dyes is advantageous to using intracellular dyes for a 
number of reasons including: 
I. Many neuronal structures are 'buried' deeply in the central nervous system and are 
consequently only accessible by partly dissected or thick preparations. Thus 
rendering the use of methods requiring the maintenance of live preparations 
difficult. 
2. The tissue can be kept for a very long periods, allowing for the complete filling of 
neurons. 
3. Also if dil is used in live tissue the dye becomes internalised in cytoplasmic 
granules by endocytosis, in fixed tissue the dye remains in the plasma membrane. 
Consequently the neurons and their processes from fixed tissue stained with dil 
can acquire and retain a uniform membranous labelling. 
The advantage of using dii over conventional tracing techniques has been recently 
demonstrated by Robertson et al., (1993). Budelmann & Young (1985), using a 
cobalt labelling study to elucidate central pathways of the octopus nerves and 
mantles, failed to visualise a motor nucleus in the octopus brain (the posterior dorsal 
basal and median basal lobes) which was later discovered by Robertson et al., (1993) 
using the retrograde transport of injected dil. 
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The mms of this study are to reveal the innervation patterns of single retinal 
photoreceptor axon bundles in the optic lobe cortex using polar tracers and 
carbocyanine dyes. The innervation patterns of single optic nerve bundles that enter 
the optic lobe at different positions (medial and lateral; dorsal and ventral) around its 
circumference are then to be visualised and compared. In addition the morphology of 
individual and groups of retinal photoreceptor axons in the Octopus optic lobe are to 
~e described to see if carbocyanine dye labelling confirms previous reports. 
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2.2. MATERIALS AND METHODS 
2.2.1. Animals 
The Northern or Lesser octopus (Eledone cirrosa) was caught in short haul trawls 
from the English channel or via crab pots in the Irish sea. Animals caught in 
Plymouth were immediately transferred to recirculating seawater systems at a density 
of up to 7.5kgm-3. Animals caught in the Irish Sea were temporarily housed in 
recirculating seawater systems at the University of North Wales until they could be 
collected. Specimens were transported from North Wales 'to Plymouth in closed 
circulation tanks of volume approximately 0.5m3. 'Jihe tanks were continually 
aerated during transportation, which took approximately eight hours. Octopus were 
provided with crabs for food so that there was always a surplus of crabs in the tanks. 
Animals could be kept in this manner for a number of months. Animals of both 
sexes, weighing between 250-1 OOOg were used. A total of 46 optic lobe from 
different animals was used during this study. As there is no standard orientation of 
the octopus body the conventions used by Young (1962b, 1971) were adopted. The 
side of the octopus on which the mantle cavity and funnel are found is known as the 
ventral surface, the opposite side dorsal. The anterior of the animal is the head and 
the apex of the visceral mass is posterior. Medial and lateral directions are towards 
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the supnioesophageal mass and the retina respectively. Figure 2.1 demonstrates the 
nomenclature of the orientations used in this study. 
2.2.2. Dissection 
Octopus were anaesthetised with 2% ethanol in seawater until they became quiescent 
and lost their reddish brown colouration. The animal was then decapitated with two 
incisions, one posterior to the eyes and another anterior to the eyes and posterior to 
the tentacles. The 'head' was then pinned to a plastic dish lined with sylgard. A 
dorsal incision through the skin, parallel to the anterior-posterior axis of the animal 
was made lateral to its cartilaginous cranium. A further incision through the 
underlying subcutaneous muscles exposed the densely opaque, outer membrane of 
the anterior chamber. An incision through this membrane exposed the eye-optic lobe 
system. The dorsal portion of the white body was gently removed to expose the optic 
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lobe. At this point the preparation was bathed in cold (-l 0 C) calcium free artificial 
seawater (CFASW; 430mM NaCI, lOmM KC!, 25mM MgS04, 25mM MgCh, 
2.5mM NaHC03 , 0.25mM KH2P04, lOmM HEPES, lOmM Glucose, pH 7.6, 980-
I 020mosm). Using forceps the eye was pulled laterally very carefully and the optic 
nerves cut as close to the sclera as possible. An incision was then made through the 
optic lobe tract and the optic lobe removed and placed into cold fixative (4% 
paraformaldehyde in O.OJM phosphate buffered saline (PBS), pH 7.6, 4°C) in the 
dark for periods of up to several months. This prolonged period of storage had no 
detrimental effects upon slice morphology. 
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Figure 2.1. Diagrammatic representation of the octopus body, visual system and central nervous system indicating conventions used to describe 
orientations. (A) Anterior, posterior, dorsal and ventral aspects of the octopus in walking position. (B) Diagram of a bisected (in a sagittal 
plane) octopus visual system (adapted from Young, 1971). Medial directions are towards the optic tracts; lateral directions are towards the 
retina. (C) Diagram of the central nervous system of the octopus from a dorsal aspect, the eyes are removed from the optic nerves. Adapted 
from Young (1971). Medial directions are towards the supraoesophageal mass; lateral directions are towards the eyes. 
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2.2.3, Slice cutting 
Optic lobes were removed from the fixative and briefly washed with phosphate 
buffered saline (PBS; O.OlM, pH 7.6). An incision was then made with a large, 
broad scalpel blade through the optic lobe in the transverse plane cutting one end of 
the lobe off and leaving a flat surface. The optic lobe was then glued to the Teflon 
chuck of a vibratome, flat side down, with cyanoacrylate glue. The chuck was placed 
into a plastic bath containing ice cold PBS (O.OlM, pH 7.6). Slices (200- 750!-lm) of 
the fixed optic lobe, with intact optic nerves, were then cut by advancing the laterally 
vibrating blade of the vibratome, at an angle of -20°, and a speed of approximately 
I ems·' through the tissue. Slices were transfe1Ted from the PBS bath to vials 
containing fixative (2.5% paraformaldehyde in O.Olm PBS, pH7.6), with cut transfer 
pipettes, until required. 
2.2.4. Dye backfilling 
Slices were pinned to sylgard lined 35mm plastic petri dishes with two fine insect 
pms. The carbocyanine dyes, Dil (1,1' ,dioctadecyl-3,3,3' ,3'-
tetramethylindocarbocyanine perchlorate) and DiO (3,3' -dioetadecyloxacarbocyanine 
perchlorate) (Molecular Probes), were used to backfill the optic nerves, of these Dil 
was predominantly utilised. Dye was applied either as a solid or in a solution. 
Crystals of dye were placed onto the ends of cut optic nerves with either insect pins 
or 'patch pipetle' glass electrodes. Solutions of Dil were made by dissolving lmg of 
dye in I ml of ethanol before brief sonication to allow all of the crystals to dissolve. 
A ring of Yaseline was placed, close to the periphery of the slice, on the sylgard. The 
cut optic nerve was then placed inside the ring and a 'well' was gradually built up 
around the nerve. Using a low volume micropipetle between 5 and 20111 of the Oil 
solution was placed inside the well before it was sealed with Yaseline. The petri dish 
was then flooded with slice fixative (2.5% paraforrnaldehyde in 0.0 I M PBS, pH 7 .6). 
If the well remained intact (i.e. no Dil solution could be seen) the petri dish was 
covered and the edges sealed with parafilm to prevent fixative evaporation. The 
sealed dish was then placed into a light proof container and kept at room temperature 
for periods in excess of one month. The migration of the dye along the optic nerve 
was regularly monitored and when it was apparent that the dye had reached, and 
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filled, the te~minations the slice was prepared for viewing. To-aid in the visualisation 
of the retinal photoreceptor terminations clearing the slices was attempted, three 
clearing solutions were tried. Slices were routinely dehydrated by passing through a 
series of alcohol solutions (30%, 50%, 70%, 90%, absolute) for ten minutes in each 
before being cleared in methyl salicylate (Sigma, U.K.). Also slices were placed 
either in the aqueous clearing agent (Conroy 280) or in glycerol. Slices were also 
viewed without clearing. 
2.2.5. Epijluorescent microscopy 
A Nikon UFX-II epifluorescent microscope was used to view the Oil fluorescence. 
A slice with a filled optic nerve, still pinned to the sylgard dish, was placed on the 
stage of the microscope with a specialised holder. The slice preparation was 
illuminated with either a rhodamine filter (excitation 530-560nm; suppression 
580nm) or with a lluorescein filter (excitation 450-490nm). With the rhodamine 
filter, the Oil fluoresced reddish orange and the OiO did not fluoresce. Under the 
fluorescein filter, the Oil appeared gold and the OiO green, making it suitable for 
multicolour imaging. 
2.2.6. Laser scanning confocal microscopy 
Uncleared optic lobe slices with optic nerve bundles retrogradely filled with 
carbocyanine dyes were placed into modified 35mm plastic petri dish lids and held in 
place with U-shaped platinum wires with nylon ladders travesing them (Edwards et 
al., 1985). The petri dish lids were placed onto the stage of a Nikon diaphot 300 
inverted microscope, which was attached to a Biorad laser scanning confocal 
microscope (MRC 1024). A suitable objective and filter set were selected (usually 
x4-x 100 oil) and the source of fluorescence located. Images were captured in a 
number of horizontal planes starting at the top and working down, so as to 
encompass all of the fluorescence. The images were stored on the computer's hard 
drive for later analysis. Optical sections were either removed singularly or 
compressed to form a composite image of the staining. 
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2.3. RESULTS 
2.3.1. Comparison of techniques 
Initially crystals of dil were applied to the cut ends of optic nerve bundles of fixed 
optic lobe slices. The crystal were left to adhere to the nerve before the whole 
preparation was reimmersed in fixative. Unfortunately, this did not prove very 
successful as the fixative invariably washed the crystal from the optic nerve bundle. 
It was found that the crystals could be made to adhere to the optic nerve if they were 
applied to an unfixed slice. Using this method, crystals remained well adhered to the 
optic nerve even after immersion in fixative. Dil does not travel from one cell 
membrane to another (Honig & Hume, 1986), therefore this property made the use of 
crystals of dil to reveal RPA spread in the optic lobe ineffective. Consequently, it 
was decided to use a solution of dil to retrogradely fill the optic nerve bundles. It 
was hoped that placing the cut optic nerve bundle into a vaseline well filled with the 
dil solution would result in the complete retrograde labelling of all axons in the optic 
nerve bundle. This proved to be the case with complete labelling of the optic nerves 
being achieved in the majority of preparations. Preparations were therefore routinely 
set up in this manner. This technique proved excellent for the retrograde labelling of 
optic nerve bundles, however, the visualisation of these backfilled nerves proved 
difficult. The thick slices could not be cleared as during the dehydration procedure 
the dil diffused out of the lipid membranes. Consequently, visualisation of the retinal 
photoreceptor axons using conventional epifluorescent rnicroscopy and photography 
proved inadequate. Laser scanning confocal rnicroscopy proved to be an excellent 
technique for providing high-resolution images of the filled nerves without clearing 
the tissue. 
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2.3.2. Spread of retinal photoreceptor axons in tile optic lobe 
Individual optic nerve bundles were retrogradely filled with the carbocyanine dye, 
Oil, close to the entry point of the nerve into the optic lobe. Optic nerves enter the 
optic lobe at the periphery of the outer granular cell layer. From here the 
photoreceptor axons, located within the optic nerve, spread out in a tangential 
direction(s). After spreading in a tangential direction(s) the photoreceptor axons 
proceed radially towards the plexiform zone, where the majority terminate. The 
tangential spread of the optic nerve and the resultant staining pattern was dependent 
upon the position of entry of optic nerve in the optic lobe. 
From the confocal images, the spread of retinal photoreceptors in the optic lobe 
cortex can be broadly categorised into three types. The type of optic nerve bundle, 
and consequently the innervation pattern of the retinal photoreceptor axons, is 
dependent upon which aspect of the optic lobe they innervated. These three types 
can be classified by their entry points into the optic lobe, namely medial, medial-
lateral and lateral. Figure 2.2. shows the innervation pattern of dil labelled individual 
optic nerve bundles entering the optic lobe in medial positions on both dorsal and 
ventral aspects of the lobe. These optic nerve bundles entered the optic lobe in 
medial positions closest to the hilum of the optic lobe (i.e. the optic tract). Clearly, 
the innervation patterns of the retinal photoreceptor axons can be seen in each 
preparation. The optic nerve bundle enters the optic lobe, the retinal photoreceptors 
then spread tangentially in a single (medial) direction. Oil labelled retinal 
photoreceptor axons can be seen spreading tangentially for distances in excess of 
1500f..lm. From the tangential spread of retinal photoreceptor axons, some axons 
proceed radially to the plexiform zone where they presumably terminate. This occurs 
along the whole tangential spread of dil labelled retinal photoreceptor axons. Figures 
2.2A and B are images from optic nerve bundles that innervate the dorsal surface of 
the optic lobe whilst figure 2.2C is from a ventrally innervating optic nerve bundle. 
There are no apparent differences between the innervation patterns of dorsally and 
ventrally entering optic nerve bundles. 
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Figure 2.3. shows the innervation patterns of dil labelled optic nerve bundles entering 
the optic lobe in medial-lateral positions on both dorsal and ventral surfaces of the 
optic lobe. The spread of retinal photoreceptor axons through the outer granular cell 
layer is comparable to the spread of axons from optic nerve bundles entering medial 
positions on the optic lobe. The retinal photoreceptor axons proceed tangentially, in 
a medial direction, before turning radially and heading to the plexiform zone where 
they presumably terminate. Differences did occur, however in the maximum 
distances that retinal photoreceptors proceeded before heading radially towards the 
plexiform zone. A maximum tangential distance of 700J.Lm was travelled by retinal 
photoreceptor axons from the point of entry of the optic nerve in medial-lateral 
positions, this is much smaller than for optic nerve bundles innervating medial 
positions. 
Optic nerve bundles entering the optic lobe in lateral positions had completely 
different innervation patterns than optic nerves entering the lobe in medial or medial-
lateral positions. Retinal photoreceptor axons spread tangentially in both directions 
through the outer granular cell layer after the optic nerve entered the optic lobe (see 
figure 2.4A & B). After travelling a relatively short distance tangentially, the retinal 
photoreceptor axons then proceeded radially towards the plexiform zone where they 
presumably terminated. This bi-directional spread of retinal photoreceptor axons was 
never for tangential distances of more than 700J.Lrn. 
The innervation patterns of all optic nerve bundles, no matter where their entry point 
in the optic lobe was, all showed discrete innervation patterns. Each optic nerve 
bundle contained retinal photoreceptor axons that terminated in discrete regions of 
the optic lobe; with the region innervated dependent upon the medial-lateral point of 
entry of the optic nerve bundle. 
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Figure 2.2. Con focal images of individual dil filled optic nerve bundles. entering the 
optic lobe in medial positim1s. (A-B) Optic nerve bundles (arrowheads) entering the 
optic lobe in the most medial positions on the dorsal surface. (C) Optic nerve bundle 
entering the optic lobe in the most medial position on the ventral surface. Scale bars 
= I OOJ.Lm. Note that the optic nerves enter the optic lobe and spread ollt tangentially 
in a medial direction with retinal photoreceptoraxons proceeding radially through the 
outer granular cell layer towards the plexiform zone (PZ). The staining pattern for 
optic nerves entering the optic lobe in such positions is consistent and does not differ 
from dorsal to ventral surfaces. The surface of the optic lobe can be seen (arrows) as 
can the outer granular cell layer (OGCL), PZ, the inner granular cell layer (IGCL) and 
the medulla (MED). 
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Figure 2.3. Confocal images of individual dil filled optic nerve bundles entering the 
optic lobe in positions between medial and lateral aspects of the optic lobe. (A-B) 
Optic nerve bundles entering the optic lobe in positions between medial and lateral 
aspects and on the dorsal surface. (C) Optic nerve bundle entering the optic lobe 
positions between medial and lateral aspects and on the ventral surface. Scale bars = 
100~-tm. Note that like optic nerve bundles entering the optic lobe in medial positions 
the retinal photoreceptor axons shown here enter the optic lobe and travel 
tangentially in one direction (before proceeding radially to terminate in the plexiform 
zone) although for much shorter distances. The staining pattern for optic nerves 
entering the optic lobe in such positions is consistent and does not appear to differ 
from dorsal to ventral smfaces. The surface of the optic lobe can be seen (arrows) as 
can the outer granular cell laye~ (OGCL), PZ, the inner granular cell layer (IGCL) and 
the medulla (MED). 
60 

Figure 2.4. Confocal images of individual dil filled optic nerve bundles entering the 
optic lobe in lateral positions of the optic lobe. (A) Optic nerve bundle entering the 
optic lobe in lateral positions on the ventral surface. (B) Optic nerve bundle entering 
the optic lobe in. lateral positions on the dorsal surface. Scale bars = IOO!J.m. Note 
that Lmlike the optic nerve bundles entering the optic lobe in other positions the dil 
labelled Retinal photoreceptor axons in the optic nerve bundles proceed tangentially 
in both directions before taking radial courses through the outer granular cell layer 
and in to the plexiform zone. The staining pattern for optic nerves entering the optic 
lobe in such positions is consistent and does not appear to differ from dorsal to 
ventral surfaces. The surface ofthe optic lobe can be seen (arrows) as can the outer 
granular cell layer (OGCL), PZ, the inner.granular cell layer (IGCL) and the medulla 
(MED). 
61 

2.3.3. Morphology of retinal photoreceptor axon bundles and terminations 
At low magnification, the morphology of the optic nerve bundles could be elucidated. 
As mentioned previously, the retinal photoreceptor axons spread tangentially for 
some distance, before proceeding radially towards the plexiform zone. Branches of 
retinal photoreceptors can be seen passing through the outer granular cell layer (see 
figs. 2.2C, 2.3C and 2.4B). Figure 2.5 shows the branching of optic nerve bundles 
that occurs at the periphery of the optic lobe. In the outer region of the plexiform 
zone, there is usually an intense band of fluorescence (see figs. 2.2, 2.3 & 2.4); this is 
undoubtedly due to the labelling of terminal bags in the r 1 layer of the plexiform 
zone. Two further 'bands' of fluorescence can be seen. The fust occurring at the 
mner layers of the plexiform, the second (which is undoubtedly from labelled 
centrifugal neurons) in the inner granular cell layer (see figure 2.4B). 
Figure 2.6. shows the consistency of dil labelling from preparation to preparation. 
Three preparations viewed under higher magnification can be seen detailing retinal 
photoreceptor morphology that is comparable in each image. Collections of retinal 
photoreceptor axons can be seen interweaving through the outer granular cell layer 
before a bright band of fluorescence is seen in the r1 layer of the pleixform zone. 
Individual axons can then be seen proceeding radially through the rest of the 
plexiform zone where they terminate. At this magnification, details of the retinal 
photoreceptor axon morphology were difficult to elaborate. Figures 2. 7-2.11 are 
higher magnification images that help to reveal retinal photoreceptor morphology. 
The branching of optic nerve bundles in the outer granular cell layer can be clearly 
seen in figure 2.7. Large collections of retinal photoreceptor axons can be seen 
proceeding in tangential directions before they diverge into smaller bundles, which 
curve so as to travel radially. Large bundles can be seen splitting into smaller 
bundles at a level approximately 30-40j.Lm from the border between the outer 
granular cell layer and the plexiform zone (this border appears as a dark band, see 
figs. 2.7A, 2.8C &2.98). Figures 2.78 and 2.8A &8 show the branching of retinal 
photoreceptor bundles in the outer granular cell layer. Large bundles can be seen 
diverging into numerous smaller collections. These smaller collections of retinal 
photoreceptor axons appear to split into individual axons at a distance of between 5 
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and 20jlm from the outer granular cell layer/plexiform zone border (see fig. 2.8C). 
Individual axons then appear to pass through a dark band that marks the border and 
into the plexiform zone (see fig 2.8C). 
Figures 2.9-2.11 detail the morphology of the retinal photoreceptor terminations in 
the plexiform zone (types I and Il) and in the inner granular cell layer (type ill). 
Figure 2.9A shows the morphology of dii labelled retinal photoreceptor axons in the 
plexiform zone. These terminations should consist of two forms - type I, axons that 
terminate in the r1 layer of the plexiform zone, and type II, axons that proceed to the 
deeper layers of the plexiform zone before terminating. Axons of type II retinal 
photoreceptors can clearly be seen proceeding radially through the plexiform zone 
(figure 2.9A) before terminating in characteristic knob-like endings. Figure 2.9A also 
shows the terminal bags of the retinal photoreceptor axons, i.e. the thickenings of the 
axons that occur in the first radial layer of the plexiform zone. Figure 2.98 shows 
these terminal bags in more detail. The characteristic swellings of the axons can 
clearly be visualised. However, what cannot clearly be discerned are the type I 
terminations. 
Figure 2. 10 details the morphology of type II retinal photoreceptor axonal 
terminations in the deeper layers of the plexiform zone. Clearly, axons can be seen 
to narrow, after leaving the r1 layer, before proceeding in a roughly radial direction, 
towards deeper parts of the plexiform zone. Individual axons can be seen travelling 
through the plexiform zone, not always in a direct line. Knob-like terminations can 
also be seen in the deeper regions of the plexiform zone. Figure 2.10A also shows a 
type II axon that shows a thickened beaded appearance in the plexiform zone. The 
significance of this is unclear. Figure 2.11, as well as showing the knob-like endings 
of type II retinal photoreceptor axons shows axons of presumably type Ill retinal 
photoreceptor cells proceeding radially through the inner granular cell layer, towards 
the medulla. These axons can clearly be seen to pass through fibre tracts that 
intersperse the islands of inner granular cell layer neuronal somata. 
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Figure 2.5. Confocal image detailing branching of optic nerve bundles as they enter 
the optic lobe. (A) Image of optic nerve bundle entering the optic lobe and splitting 
into two branches. (B) Image of dil labelled retinal photoreceptor axons in the cortex 
of the optic lobe showing clustering of retinal photoreceptor axons in the plexiform 
zone. Scale bars = 50j.l.m. 
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Figure 2.6. Con focal images of collections of retinal photoreceptor axons and their 
terminations in the cortex of the optic lobe. (A-C) Low magnification images of 
retinal photoreceptors axons and their terminations in the plexiform zone. Note the 
collections of retinal photoreceptor axons proceeding radially through the outer 
granular cell layer. Heavy fluorescence can be seen in the outer (-) 25Jlm of the 
plexiform zone. Through the remaining layers of the plexiform zone individual 
retinal photoreceptor axons can be seen proceeding tangentially where they 
presumably terminate. Some labelled centrifugal neurons can be seen in the inner 
granular cell layer (A). In all images a dark layer can be seen at the border between 
the outer granular cell layer and the plexiform zone. Scale bars=25Jlm. 
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Figure 2.7. Confocal images of dil labelled retinal photoreceptor axons in the outer 
granular cell layer of the optic lobe. (A). Low magnification composite image 
showing collections of retinal photoreceptor axons .proceeding tangentially (white 
arrows) before proceeding radially and diverging in to numerous bundles (red 
arrows). Scale bar = 25J.Lm Note the dark border between the outer granular cell 
layer and the plexiform zone. ~B) High magnification composite image•of branching 
of optic nerve bundle in the outer granular cell layer. One large branch (white arrow) 
can be seen with small branches of retinal photoreceptor axons bundles diverging 
from it. Also a single retinal photoreceptor bundle (red arrow) can be seen splitting 
into three separate branches, one of which (the central bundle) again splits into two. 
Another single retinal photoreceptor axon bundle can be seen splitting ·into 
approximately three very narrow separate bundles (yellow arrow) that proceed 
towards the plexiform zone (dotted line), whether these are individual axons cannot 
be determined. Scale bar=5J.Lm: 
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Figure 2.8. Confocal image of branching of dil' labelled retinal photoreceptor axon 
bundles in the outer granular cell layer. (A) Single branch (white arrow) can be seen 
travelling diagonally across the outer granular cell layer before diverging into two 
separate bundles that travel radially towards the plexiform zone. (B) Single retinal 
photoreceptor axon bundle splits into two further bundles. (C) Image showing 
separation of retinal photoreceptor axon bundles (white arrows) into individual axons 
close to the border between the outer granular cell layer and the plexiform zone (dark 
band indicated by the red arrow). Scale bars=I011m. 
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Figure 2.9. Confocal images of dil labelled retinal photoreceptor axon te~minations 
in the plexiform zone. (A) Low magnification image detailing the whole of the 
plexiform zone. Note the intense fluorescence in the upper pmt of the image (above 
the dotted line). This is due to the characteristic thickenings of the retinal 
photoreceptor axons in the outer part of the plexiform zone. lndividi.Jal: type II retinal 
photoreceptor axons can also be seen proceeding tangentially through the plexiform 
zone (white arrows) where they terminate in characteristic knob-like endings (red 
arrows), scale bar=IO!J.m. (B) High magnification image showing retinal 
photoreceptor axons passing through the border between the outer granular cell and 
the plexiform zone. Single retinal.photoreceptor axons (red arrows) can be discerned 
in the outer granular cell layer; these pass through the OGCUPZ border (dark band, 
marked by upper paii· of dotted lines) before thickening in the outer parts of the 
plexiform zone, where they are known as terminal bags. (indicated by yellow arrows). 
Type I retinal photoreceptor axon terminate in the outer part of the plexiform zone, 
these cannot be distinguished from types II and ill which can be seen proceeding 
radially, as axons that have tapered' from the terminal bags, to the rest of the 
plexiform zone (blue arrows). A pair of ·retinal photoreceptor axons (white arrow) 
can be seen· travelling from the outer granular cell layer towards the plexiform zone. 
In the outer pmt of the plexiform zone they thicken and appear to inte1twine. Scale 
bar=lO!J.m. 
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Figure 2.10. Confocal image of dil labelled retinal photoreceptor axons detailing 
their morphology in the deeper layers of the plexiform zone. (A) Illlage showing the 
whole of the deeper layers of the plexiform zone. Individual axons (white arrows) 
can clearly be seen proceeding from layer r1 (at the top of the image), where they 
taper .from thick terminal bags, through the plexiform zone. The axons proceed 
generally in a radial direction but some tend to 'snake' through the deeper layers of 
the plexiform zone. The knob-like endings of the type !I terminations can clearly be 
seen in the·deepest parts of the plexiform zone (red arrows). Note the single terminal 
bag (yellow arrow) that can be traced through the plexiform zone where it terminates 
in what appear to be a thickened, beaded ending (blue arrow). (B) Image showing 
individual type Tl axons (white arrows) in the regions of the plexiform zone adjacent 
to layer r 1 • (C} Image detailing the knobcJike terminations (red arrows) of type ll 
retinal photoreceptor axons (white arrows) in the deepest region of the plexiform 
zone. Scale bars= I 01-un. 
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Figure 2.11. Confocal image of dil labelled type II and type Ill retinal ,photoreceptor 
axons in the deep plexiform and inner granular cell layer of the optic lobe. (A) 
Image showing the knob-like terminations (red aiTows) of type-II axons in the deeper 
layers of the plexiform zone as well as five type-Ill axons (white arrows) passing 
radially from the plexiform zone to the inner granular cell layer (marked by dotted 
line). (B) Image showing the knob-like terminations of type-IT axons (red arrows) as 
well as two type-m axons that pass completely through the inner granular cell layer 
(demarcated by dotted lines) towards the medulla. Note that the type-II terminations 
do not extend as far as the border between the plexiform zone and the inner granular 
cell layer. The type-HI axons proceed through tracts of fibres that separate groups of 
inner granular cell layer neurons, some come out of the slice, others proceed towards 
the medulla. Note also the presence of two large (yellow arrows) and two small (blue 
arrows) centrifugal neurons in the inner granular cell layer of (B). Scale bars= 101-UTI. 
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2.3.4. Centrifugal cells 
The somata of centrifugal neurons, located within the inner granular cell layers, could 
readily be labelled with dii. Figure 2.12 details the relationship between the retinal 
photoreceptor axons and the somata of the centrifugal neurons. The centrifugal cells 
were located within the inner granular cell layer (fig.2.12A). Axons can cleru·ly be 
seen proceeding radially, from the somata, towards the plexiform zone, and 
presumably towru·ds the retina. Figure 2.128 is a higher magnification composite 
confocal image showing the large numbers of centrifugal neurons located within a 
400!lm section. Axons from these centrifugal neurons can be seen proceeding 
towards the plexiform zone. Figure 2.13 shows the morphology of a number of inner 
granular cell layer located centrifugal neurons. Axons can be seen leaving the somata 
before passing thorough the inner granular cell layer towards the plexiform zone. 
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Figure 2.12. Confocal images of dil labelled retinal photoreceptor terminations and 
centrifugal neurons in the optic lobe. (A) Low magnification confocal image 
showing collections of retinal photoreceptor axons passing through the outer granular 
cell layer before proceeding towards the plexiform zone. Centrifugal neurons, whose 
axons are located in the same optic nerve bundle as the retinal photoreceptor axons, 
can be seen in the inner granular cell layer. Scale bar = ISJ.lm. (B) Higher 
magnification, composite image of the centrifugal neurons in· the inner granular cell 
layer. Note the location of centrifugal somata at all levels in the inner granular cell 
layer. Also note the presence of axons that proceed radially outwards towards the 
plexiform zone. Some fibres travelling towards the medulla (presumably type-m 
retinal photoreceptor axons) can also be discerned~ Scale bar= SJ.lm. 
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Figure 2.13. Confocal images of individual dil labelled centrifugal neurons, whose 
somata lie in the inner granular cell layer: (A-E) Centrifugal neurons (somata 
between 5 and I OJ.Lm in diameter) can be visualised in the inner granular cell layer. 
Note the axons that can be seen proceeding between the other inner granular cell 
layer neurons towards the plexiform zone. From here, they proceed through the optic 
nerve bundle to the retina where they presumably synapse. Scale bars= I Oj.lm. 
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2.4. DISCUSSION 
The carbocyanine dye backfills of individual optic nerve bundles revealed a 
tangential spread of the retinal photoreceptor axons, as they entered the optic lobe 
and that the extent of this spread was related to the entry point of the bundle into the 
lobe. Optic nerve bundles could be broadly classified into three categories. Medial, 
medial-lateral and lateral optic nerve bundles all had characteristic innervation 
patterns in the optic lobe cortex. The tangential spread of retinal photoreceptor axons 
from the entry point of the optic nerve bundle was bi-directional from lateral bundles 
and uni-directional in medial-lateral and medial bundles (the spread was in medial 
directions). The regions of the optic lobe, which were innervated by each individual 
optic nerve bundle, were very discrete, with a sharp demarcation of fluorescence 
indicating the borders of retinal photoreceptor spread. Young (1962b), using nerve 
degeneration experiments also reported a sharp demarcation between terminations 
originating from different optic nerve bundles. It is unclear if any overlap occurs 
between the axons from adjacent optic nerve bundles. The use of multicolour 
labelling of adjacent optic nerve bundles, with different carbocyanine dyes, could 
establish if any such overlap occurs. 
It has been suggested that the termination points of individual retinal photoreceptor 
axons in the optic lobe is related to the location of their photoreceptive region in the 
retina (Young, 1971 ). It seems likely that this is the case, however, it is impossible to 
determine this from these experiments. By severing a single optic nerve and looking 
at the degeneration patterns of the retina Young (1962a) demonstrated that discrete 
regions of retinal photoreceptor cells are collected together into separate optic nerve 
bundles. Although it seems obvious that discrete regions of the retina innervate 
specific discrete regions of the optic lobe in a topographic map, this has not been 
proven. What is required is simultaneous anterograde and retrograde filling of 
individual optic nerve bundles with dil. The origin of the photoreceptive regions of 
the photoreceptor cells in the retina can then be correlated with their terminations in 
the optic lobe. Saidel (1979) demonstrated, through the retrograde filling of optic 
nerve bundles with cobalt, that the terminations of the retinal photoreceptors were 
arranged in discrete slabs limited in the anterior-posterior plane and at medial and 
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lateral aspects of the optic lobe. However, Saidel (1979) did show how the 
individual retinal photoreceptors, contained within individual optic nerve bundles, 
spread in the cortex. Saidel (1979) used optic nerve bundles cut some distance from 
the periphery of the tissue, i.e. past the chiasma. From examinations of Eledone 
optic lobe slices, it is clear that optic nerve bundles located some distance from the 
periphery of the optic lobe appear to diverge into numerous individual optic nerve 
bundles, that then innervate particular, discrete regions of the slice. Saidel ( 1979) 
used different, smaller species of octopus (Octopus bimaculoides and 0. 
bimaculatus) and it is unclear if a single optic nerve bundle innervated the whole 
medial lateral circumference as postulated by Saidel ( 1979), or if the bundle 
consisted of numerous separate bundles that diverged closer to the optic lobe. 
Although the present study has established that individual optic nerve bundles 
innervate discrete areas of the optic lobe, and that this area is related to the point of 
entry of the nerve, it is unclear where the photoreceptive elements of the labelled 
retinula cell are located in the retina. Presumably, axons from retinula cell somata 
located at the periphery of the retina (i.e., close to the lens) terminate medially in the 
optic lobe, close to the optic tracts. Also axons from cell bodies located medially in 
the retina innervate lateral aspects of the optic lobe. The mapping of the retinal 
photoreceptor terminations from discrete regions of the retina onto discrete regions of 
the optic lobe is probably a mechanism for producing an image onto the surface of 
the optic lobe that is identical to the image hitting the lens, the dorso-ventral chiasma 
presumably rectifying the inverted image produced by the lens. The developmental 
pathway of the optic nerve bundles is unknown, what is likely is that as a juvenile 
grows and the number of photoreceptor cells in the retina increases the axons are 
loosely aggregated into optic nerve bundles that accurately innervate analogous 
regions of the optic lobe, yet are not separate neuronal pathways. 
Descriptions of the morphology of retinal photoreceptor axon terminations in the 
cephalopod optic lobe have been provided since the turn of the century (Lenhossek, 
1896; Cajiil, 1917). More recent studies by Young (1962b, 1971, 1974) have further 
elaborated the morphology of these terminations extensively using Golgi and silver 
impregnation techniques. The present study was initially designed to reveal the 
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spread of retinal photoreceptor axon temtinations from individual optic nerve 
bundles in the optic lobe cortex. Consequently, due to the large number of axons 
labelled, the morphology of individual retinal photoreceptor axon terminations 
proved difficult. However, using laser scanning confocal microscopy the 
morphology of the retinal photoreceptor axon terminations could be elucidated. 
Previous light microscope studies have relied on the selective impregnation of 
individual axons using silver nitrate. This study has demonstrated the morphology of 
numerous stained axons in the octopus optic lobe cortex. Upon entering the optic 
lobe the optic nerve bundles travel tangentially before branching into smaller 
aggregates of retinal photoreceptor axons which interweave between groups of outer 
granular cell layer neurons whilst proceeding radially to the plexiform zone. The 
morphology of retinal photoreceptor axons in the Eledone optic lobe elucidated 
during this study confirms the structures elaborated by previous studies. In the outer 
granular cell layer, the complex branching of bundles of retinal photoreceptor axons 
has been demonstrated during this study. Upon reaching the optic lobe the bundles 
of axons divide into numerous smaller bundles that again diverge; these branches 
interweave between groups of outer granular cell layer neuronal somata. A short 
distance from the border between the outer granular cell layer and the PZ, these 
collections of retinal photoreceptor axons appear to split into constituent single 
axons. It is not clear if these branches are functionally significant, what is likely is 
that this constitutes a simple mechanism for mapping regions of the retina onto 
analogous regions of the optic lobe. Many of the images in this study showed a dark 
band that demarcated the border between the outer granular cell layer and the PZ. 
This band is undoubtedly similar to that referred to by Cohen ( L973c) in the squid as 
the "intercellular lake substance" and what is attributed by Case et al., ( 1972) as thin, 
sheet-like processes of glial cells that contain dense cytoplasm. 
Upon reaching the plexiform zone, many retinal photoreceptor axons showed a 
characteristic thickening, becoming the carrot-shaped, terminal bags that occupy the 
r 1 layer of the plexiform zone. The ultrastructure of these thickenings has been 
demonstrated in both decapods (Cohen, 1973c) and octopods (Dilly et al., 1963; Case 
et al., 1972). Cohen has divided these terminals in the squid optic lobe into two 
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regions: the outer 4-Sf.lm as the inter-terminal contact zone (ITC) and the remainder 
as the invaginated synapse zone (IS). The ITC is characterised by an absence of 
conventional synapses and the presence of specialised contacts between the 
terminals. Dilly et al., (1963) also reported the presence of these finger-like 
projections from one terminal to another in the octopus optic lobe. The role of these 
interdigitating contacts is still unclear. Dilly et al (1963) report that inter-receptor 
signalling is not likely at this level yet Cohen ( 1973c) suggested that this may be a 
likely role for such contacts. The present study has demonstrated the close proximity 
with which the terminal bags are apposed, most notably by the lack of definition of 
the terminal bags due to the tight packing of the receptor terminals. The invaginated 
synapse zone in squid, reported by Cohen (l973c), appeared to contain spines from 
neurons, postulated as being outer granular cell layer neurons. Case et al., ( 1972) 
also suggested that these postsynaptic spines originated from outer granular cell layer 
neurons in the Octopus optic lobe. The labelling with dil does not help elucidate the 
role of these terminal bags in the physiology of the cephalopod visual system; it 
merely confirms previous authors reports concerning their morphology and close 
proximity. 
The terminations of the retinal photoreceptor axons in the cephalopod optic lobe have 
previously been classified into three types (types I, 11 and ill) by Young (1962b). 
Type-I axons terminate as terminal bags in the r1 layer of the plexiform zone, type-11 
pass through and terminate deeper in the plexiform zone and type-m pass into the 
medulla. During this study, individual type-1 terminals could not be clearly 
elucidated due to the vast numbers of directly apposed terminal bags in the outer 
radial layer of the plexiform zone. Type-IT terminations could, however, clearly be 
seen. Axons from the terminal bags could be seen to taper as they left the outer part 
of the PZ, from there they proceeded towards the inner layers of the plexiform zone 
in a generally radial direction. The type-IT terminals had characteristic knob like 
structures at their apexes and in some cases bead like thickenings. These structures 
showed up a~ a distinct band of fluorescence in low magnification images during this 
study. At the light-microscopic level Young (1962b) traced the pathway and 
structure of selectively impregnated type-IT retinal photoreceptor terminations. As 
the axons pass through the plexiform zone, tangentially running terminal twigs could 
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frequently be seen; these terminal portions were often beaded. At the electron-
microscopic level, however, there is little information about the ultrastructure of 
these terminations in the deeper regions of the plexiform zone. Cohen (1973c) does 
not elaborate on these parts of the squid terminals citing the difficulty of determining 
them at the ultrastructural level. However, Dilly et al., (1963) reports that endings 
reminiscent of these structures and containing typical synaptic vesicles are common 
in the relevant regions of the octopus plexiform zone. The thick preparations used 
during this study did not allow for the accurate morphology of the terminals to be 
characterised. Studies using thinner slices and concentrating on the morphology of 
type-IT terminals in the deeper regions of the PZ should give a clearer description of 
their structure. It seems clear that these type-II terminals must be physiologically 
important due to their large numbers and the presence of presynaptic contacts in 
regions of the plexiform zone where numerous, possibly second order neurons, 
spread their dendritic fields. 
Young ( 1962b; 1971) also described the presence of type-ill terminals. These 
terminals were small in number and passed radially through the PZ and IGCL and 
into the medulla. Saidel ( 1979) also reported the elusiveness of such type-ill 
terminals. This study also identified type-ill terminals although their exact 
morphology and eventual termination point could not be ascertained. Saidel ( 1979) 
suggested that rather than being retinal photoreceptor axons they could be axons of 
centrifugal neurons located deep in the medulla. 
The centrifugal neurons labelled with dil applied to individual optic nerve bundles 
were found in the inner granular cell layer spread tangentially to match the spread of 
retinal photoreceptor axons in the plexiform zone. Centrifugal cells were numerous 
and were located in all levels through the inner granular cell layer (i.e. deeper and 
superficial parts of the layer). The exact morphology of the centrifugal neurons could 
not be elaborated upon mainly due to the thickness of the preparation and the 
overwhelming fluorescence exhibited by the retinal photoreceptor axons in the 
plexiform zone. Young ( 1962b; 1971) has reported the detailed morphology of such 
centrifugal neurons in both decapod and octopod cephalopods. 
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This study has demonstrated that the innervation pattern of individual optic nerve 
bundles is dependent upon their entry point into the optic lobe. These discrete and 
characteristic innervation patterns are undoubtedly correlated with the location of the 
photoreceptive elements of the receptor cells in the retina. What is needed is the 
labelling of all retinula cells within a single optic nerve bundle, from the 
photoreceptive elements in the retina to the terminals in the optic lobe. This should 
elaborate if the locations of the terminals are topographically mapped directly from 
the retina to specific regions of the optic lobes. The morphology of the terminal bags 
of retinal photoreceptor axons in the plexiform zone has been documented at both the 
light and ultrastructural level. This report has demonstrated that the terminations of 
retinal photoreceptor axons in the deeper regions of the plexiform zone appear to be 
physiologically important. This is apparent due to their abundance and possession of 
presumptive presynaptic structures in regions where the centripetal (classifying) cells 
spread their dendritic fields. A more detailed study of their structure, at both the light 
and electron-microscopic level, is needed to further elaborate on their importance. 
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CHAPTER 3: EXTRACELLULAR RESPONSES IN THE OPTIC LOBE 
EVOKED BY OPTIC NERVE STIMULATION 
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3.1. INTRODUCTION 
Anatomical descriptions of the cephalopod optic lobe indicate that this is a major 
processing site of visual information originating from the retina (Young, 1962b, 
1971, 1974). The flow of such visual-information from the retina (which contains a 
single photoreceptive neuronal type) to the visuomotor centres of the central nervous 
system must be via the optic lobe cortex. The cortex contains numerous cells with 
very different morphologies (Young, 1962b, 1971, 1974), these cells must all play 
important roles in mediating visual input from the retina into a form that cah generate 
an appropriate behavioural response. Such neurons, located in the outer and inner 
granular cell layers of the cortex have synaptic interactions with the retinal 
photoreceptor axon terminations (RPATs) in the plexiform zone (Dilly et al., 1963; 
Case et al., 1972; Cohen, 1973c; Haighighat et al., 1984). It is. here, in this complex 
neuropil region that alterations in visual input presumably occur. The exact 
mechanisms ofinteractions between the RPATs and the neurons located in the cortex 
are completely unknown. 
Previously attempts have been made at obtaining electrophysiological recordings 
from the optic lobe (for review see section 1.11). Unfortunately, apart from some 
activity attributable to the presynaptic retinal photoreceptor axons in the outer 
granular cell layer, these reports did not produce any good electrophysiological data. 
However more recent investigations, -utilising brain slice preparations of the 
cephalopod central nervous system, have provided encouraging results. 
The vertebrate brain slice preparation has been extensively used to investigate 
biochemical and neuronal processes. One of the earliest and most important 
techniques used for the electrophysiological analysis of the brain slice was the 
recording of extracellular field potentials. Extracellular field potentials have been 
routinely recorded from different neuronal assemblages by a variety of recording 
electrodes including tungsten, carbon filled microelectrodes and saline/salt solution 
filled microelectrodes. Field potentials evoked by the stimulation of presynaptic 
efferent inputs and recorded from regions containing postsynaptic elements, have 
been widely used to anlayse the underlying processes behind synaptic transmission. 
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Subsequently extracellular field potentials have been recorded from a number of 
vertebrate and invertebrate ceillral nervous system slice preparations. 
Fundamental to the understanding of the evoked field· potential caused by stimulating 
a neuronal population is a detailed knowledge of the anatomy of the neuronal 
assembly that is to be investigated. If such knowledge is available, the evoked field 
potential can be a useful tool for investigating a number of electrophysiological 
mechanisms. Brain slice preparations lend themselves particularly well to evoked 
field potential investigations due to the good visualisation of the neuronal elements. 
Brain slices. from tissue such as the hippocarnpus are also particularly useful for 
evoked field potential analysis-due to the laminar nature of their neuronal elements. 
The anatomy of the cephalopod optic lobe has been extensively documented in a 
series of detailed works at both the light (Young, 1962, 1971, 1974) and electron-
microscopical levels (Dilly et al., 1963; Gray et al., 1964; Case et al., 1972; Cohen, 
1973c, Haghighat et al., 1984). From these investigations the pre- and postsynaptic 
elements of the optic lobe cortex can be determined. The cortex of the cephalopod 
optic lobe shows a discrete laminar nature. Due to this laminar nature, and the ability 
to visually localise the pre-synaptic efferent input, the areas of pre-synaptic 
termination's (and subsequently synapses) and the post-synaptic cell body layers of 
the optic lobe slice, the slice itself looks to be a suitable preparation to begin 
investigations of the neuronal mechanisms that underlie the processing of visual 
information. Before a detailed study of these mechanisms can be undertaken a 
preliminary investigation of the evoked field potentials, from different regions of the 
optic lobe slice, that can be recorded after the orthodromic stimulation of the afferent 
inputs (the optic nerves) must be undertaken. 
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The principle aims of this study are to:-
1. Develop and evaluate the use of a transverse brain slice preparation of the Octopus 
optic lobe for investigation of the physiology of visual processing. 
2. Record the extracellular responses from the following regions: the ON, the OGCL, 
the PZ, the IGCL and the medulla, evoked by orthodromic optic nerve stimulation. 
3. Establish a consistent terminology for the different components of the EFPs from 
the different regions that will aid in further interpretation of evoked field potential 
data and measure the amplitude and polarity of the different components of the 
EFPs from the different regions. 
4. Elucidate the response dynamics of the EFPs from different regions as a function 
of the stimulus intensity. 
5. Investigate frequency potentiation and paired pulse relationships of the EFP 
recorded from the OLS. This should provide some evidence for the identification 
of pre- and postsynaptic components. Also to qualitatively estimate which 
components are pre- and postsynaptic in origin by looking at the temporal pathway 
of the EFPs. 
6. Attempt to record single or multiple units to help identify what underlies the 
generation of the putative postsynaptic components. 
7. Generate input-output curves from the EFP recorded from layer 3a and establish 
the relationship between the presynaptic and the postsynaptic components. 
8. Look at the physiological relationship between adjacent optic nerve bundles, i.e. to 
see if one nerve exerts a facilitatory or inhibitory influence upon the other, both 
pre- and postsynaptically. 
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3.2. MATERIALS AND METHODS 
3.2.1. Dissection 
Octopus were anaesthetised with 2% ethanol in seawater until they became quiescent 
and lost their reddish brown colouration. The animal was then decapitated with two 
incisions, one posterior to the eyes and another anterior to the eyes and posterior to 
the tentacles. The 'head' was then pinned to a plastic dish lined with sylgard. A 
dorsal incision, parallel to the anterior-posterior axis of the animal was made lateral 
to the cartilaginous cranium of the animal. This incision exposed the tough, white 
membrane of the animal, which housed the eye-optic lobe system. A further incision 
through this membrane was made to expose the eye and white body. The dorsal 
portion of the white body was gently removed to expose the optic lobe. At this point 
the optic lobe was bathed in cold ( -1 oq calcium free artificial sea water (CFASW; 
430mM NaCI, lOmM KCI, 25mM MgS04, 25mM MgCh, OmM CaCb, 2.5mM 
NaHC03, 0.25mM KH2P04, lOmM HEPES, IOmM Glucose, pH 7.6, -lOOOmosm). 
Using forceps the eye was pulled laterally very carefully and the optic nerves cut as 
close to the sclera as possible. An incision was then made through the optic lobe 
tract and the optic lobe removed and placed into ice cold CFASW. Typically the 
time taken for the removal of the optic lobe was between 1 and 2 minutes. 
3.2.2. Slice preparation 
One end of the optic lobe was then removed by cutting in a transverse axis with a 
large broad scalpel to leave a flat surface. A block of sylgard was glued onto the 
Teflon chuck of the vibratome with cyanoacrylate glue. The optic lobe was glued 
onto the chuck, in front of the sylgard, with the cut end ventral. Blocks of high gel 
strength agar (3%, Sigma U.K.) were also glued either side of the optic lobe to 
provide good mechanical stability during the slicing procedure. The whole chuck was 
then placed into the cutting chamber, which contained ice cold CFASW. Slices (400-
600J1m) were cut by advancing the blade at a velocity of approximately 0.2cms- 1 
through the tissue. Slices were removed from the cutting chamber and placed into 
the slice chamber with a plastic transfer pipette which had the tip removed. The slice 
chamber followed a design by Edwards et al. (1985) (see fig 3.1) and contained 
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continuously oxygenated ASW (NaCI, 430mM; KCI lOmM; CaCh. IOmM; MgCb, 
SOmM; NaHC03, 2.SmM; KH2P04, 0.5mM; HEPES, JOmM; Glucose, lOmM; 
pH7.6; 980-lOlOmosm) held on ice to provide a temperature of -I-4°C. Slices were 
then allowed to recover for periods of up to 30 minutes before one was removed and 
placed into the recording chamber. The recording chamber was a Teflon 3Smrn petri 
dish that was supplied with the microincubater, with a changeable 22mm coverslip 
(type I, BDH; see fig. 3.1 ). The recording chamber was held in the centre of an open 
perfusion microincubator (MI; Medical Systems Corp., USA) and was continuously 
perfused with oxygenated ASW via the Ml. 
The temperature of the perfusate was monitored in the recording chamber by a 
thermister linked to a bipolar temperature controller (Model TC-202; Medical 
Systems Corp., USA) which controlled cooling and heating elements in the MI. 
Together the bipolar temperature controller and the MI could accurately control the 
recording chamber temperature to within ±0.2°C of the set value at the flow rates 
used. The recording chamber temperature was routinely set at I5°C. In the 
'submerged' type recording chamber the slice was held in place with a piece of U-
shaped flattened sliver wire with a nylon ladder traversing it (Edwards et al., 1985). 
Perfusion to the MI and subsequently the recording chamber was maintained by 
gravity pumps and flowed at a rate of 1.5-2.0 mlmin·1• Perfusate was removed from 
the recording chamber by a vacuum pump. 
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3.2.3. Stimulatimz;and Recording Protocol 
Individual optic nerve bundles were selected under microscopic observation. The 
criteria used to select the optimal nerve for stimulation were: 
I. The nerve had to be long. The longer the nerve the greater the separation of 
response from stimulus artefact- also this reduced the likelihood of neurones in 
the slice from being inadve11ently stimulated directly. 
2. The nerve had to be free from damage along its length. Frequently damage to the 
nerve arose during the preparation ofthe slice. 
3. Nerves that entered the slice equidistant from its dorsal and ventral surfaces were 
preferable, as it was less likely that the nerve terminations and subsequent 
neurons in the visual pathway were damaged. 
4. Nerves that could be traced to their innervation sites in the slice were used; this 
made localisation of the EFPs within the slice easier. 
5. The laminar nature of the optic lobe cortex where the nerve entered the slice had 
to be discernible with the dissecting microscope. 
When a suitable optic nerve was chosen, it was placed between the tips of bipolar 
tungsten electrodes (Rhodes Electrodes, U.S.A.). Square wave current pulses were 
applied to the optic nerves through the bipolar electrodes. Stimuli were triggered 
with a digitimer 04030 (Digitimer, U.K.). The duration of the stimulus was 
controlled with a Delay width unit (NL 403; Neurolog Systems, UK), the amplitude 
of the stimulus by a Pulse buffer (NL 5 I 0; Neurolog Systems, UK). The actual 
stimulus was delivered by a constant current stimulus isolator (NL-800; Neurolog 
Systems, UK). Stimuli were applied for a period of between 0.5mS and 2.0mS, and 
over a range of 0- I OmA. Evoked field potentials (EFPs) were recorded with glass 
microelectrodes (DC resistance 2-6M.Q) filled with 0.5M NaCJ. A Ag/ AgCJ pellet 
placed into the recording chamber served as a reference electrode. The electrode 
holder positioned the microelectrode so that it was perpendicular to the surface of the 
tissue. Movements of the recording electrode were controlled by a mechanical 
micromanipulator (Good fellows Metals, UK). The manipulator was arranged so that 
the exact position of the electrode tip could be controlled in each of three axis to 
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within ljlm. With the manipulator and electrode holder set up in this way the tip of 
the electrode could be placed into any part of the tissue, to a given depth with a high 
degree of confidence. The recording set-up can be seen in figure 3.2. 
All signals were amplified (Axoclamp 2B), monitored on an oscilloscope, converted 
to a digital signal by a CED 1401 (Cambridge Electronic Design, UK) before being 
recorded on an IBM compatible PC running Signal 1.7 (Cambridge Electronic 
Design, CED). The data was saved on the computers hard drive for offline analysis. 
Routinely five stimuli were applied at a frequency of 0.1 - 0.2 HZ and then averaged 
to give one EFP. 
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Figure 3.1. Diagrammatic representation of the slice chamber (A) and recording chamber 
(B). A. The oxygenation of the ASW via a hypoder:rrllc needle causes a flow of oxygenated 
saline over the slices. The mesh holder allows the circulation to reach both sides of the 
slice and prevents bubbles building up under the slices. B. The recording chamber allows 
for the rapid perfusion (and removal) of ASW (plus drugs or test ASW) at a controlled 
temperature and for the easy visualisation of the anatomy of the slice. 
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Figure 3.2. Diagrammatic representation of the electrophysio1ogica1 recording set-up 
used to record evoked field potentials from the octopus optic lobe slice preparation. 
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3.2.4. General characteristics ofthe EFP 
Evoked field potentials arising from a single presynaptic stimulus usually consist of a 
complex waveform made up of the stimulus m1efact, the short latency and duration 
presynaptic fibre volley and one or more longer latency and duration postsynaptic 
component(s). The evoked field potentirils resulting from optic nerve (ON) 
stimulation were recorded and a qualitative attempt made to dissect the pre and 
postsynaptic components based on their peak latencies, polarity and duration. ON-
evoked field potentials were recorded from visually identifiable regions (optic nerve, 
ON; outer granular cell layer, OGCL; plexiform zone, PZ; inner granular cell layer, 
IGCL; medulla, MED) of the slice and a number of parameters were measured 
offline, using an IBM-compatible PC running Signal 1.70 software, for each EFP. 
3.2.5. Stimulation-response relationships 
As the electrical stimulation of the optic nerve bundle is increased there should be an 
associated increase in the response amplitude as more presynaptic fibres are 
recruited. There should also be a concomitant increase in the postsynaptic response. 
To elucidate the relationship between the amplitudes of the different components of 
the EFPs and the stimulus amplitude, EFP recordings were obtained from the 
different regions of the slice while presenting a range of stimulus intensities. 
Stimulation amplitude was reduced so that a subthreshold response was evoked and 
an EFP recorded (5 consecutive recordings made at a frequency of 0.1 Hz and 
subsequently averaged). The stimulus amplitude was increased and a further 
recording obtained. The whole range of responses (subthreshold to supramaximal) 
were obtained by increasing the stimulus amplitude incrementally and obtaining 
recordings. Stimulus-response relationships were expressed by plotting the peak 
amplitude of the different EFP components as a function of stimulus amplitude. 
3.2.6. Input-output curves 
Input-output curves were generated by recording EFPs over a range of stimulus 
intensities ranging from subthreshold to supramaximal. Data was expressed by 
plotting the amplitude of the putative photoreceptor fibre volley (PFV) as a function 
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of stimulus intensity and the amplitude of the putative FPSPs as functions of PFV 
amplitude. 
3.2. 7. Single unit recordings 
Occasionally, during the recording of extracellular field potentials the recording 
electrode can pick up single or multiple units. Single units are the activity generated 
by an individual neuron that can be detected extracellularly. Action potentials can be 
recorded extracellularly as single units when the electrode tip records from a single 
neuron, and as multiple units when the electrode records from more than one neuron. 
If during the recording of EFPs single or multiple units were recorded, sweeps were 
taken until the recording was lost. After this the electrode was moved approximately 
I OJlm from the original recording site and an EFP recorded. This would enable 
comparisons of the single/multiple unit timing with the putative postsynaptic 
components of the EFP. 
3.2.8. Conduction velocity measuremellt 
The conduction velocity of the putative PFV was determined by recording EFPs 
along a tract through the OGCL and PZ. The relative peak latency (as measured from 
the onset of the EFP from the very periphery of the slice) of the first positive and 
negative components of the EFP was measured and plotted as a function of distance 
from the original recording position. The gradient of the resultant plot gave an 
approximation of conduction velocity. 
3.2.9. Frequency-response relationships 
To determine what effect the frequency of stimulation had on the amplitude of the 
evoked putative pre- and postsynaptic components, stimuli were applied to the ON 
bundle over a range of frequencies (0.1-IOOHz). The amplitude of the EFP 
components were measured and plotted as functions of the log of stimulus frequency. 
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3.2.10. Paired pulse tests 
Single paired pulse tests were conducted by obtaining a suitable EFP (from layers I, 
2b and 3a) and delivering a pair of pulses with interpulse intervals of between 5 and 
IOOOmS. Stimulation intensities were set so as to elicit a response approximately 
75% of the asymptotic levels obtained in J/0 tests. The initial pulse was known as 
the conditioning pulse (C-pulse) and the second as the test pulse (T-pulse). The peak 
amplitudes of different components of the T-pulse EFP were measured and expressed 
as percentage increases (or decreases) of the C-pulse response amplitude. Data was 
averaged from a number of animals (n>3) and expressed as a function of interpulse 
interval. 
3.2.11. Adjacent nerve stimulatio11s 
In order to elucidate if the stimulation of one optic nerve bundle exhibited any 
inhibitory or facilitatory effects upon the pre- and postsynaptic components of the 
EFP produced after stimulating an adjacent optic nerve bundle experiments were 
performed during which two adjacent nerves were simultaneously stimulated. 
Recordings were made along lateral transects every 75Jlm in layers 2a, 3a and 4a 
after stimulation of two adjacent optic nerves. The stimulation protocol was 
designed to record EFPs after the stimulation of each nerve so that the resultant 
activity had the same peak latencies. EFPs were recorded after stimulation of one 
nerve, the second nerve and then with both nerves stimulated. The transects 
encompassed the lateral spread of activity produced by stimulation of both optic 
nerve bundles. 
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3.3. RESULTS 
3.3.1. Slice preparation 
A total of 96 animals were used for electrophysiological study of the optic lobe.The 
preparation procedure of the animal was critical for the successful production of 
viable slices. Optic lobe removal and placement into ice cold CFASW had to be 
rapid. The whole procedure, from sacrificing the animal to placing the slices into the 
slice chamber, could be achieved within approximately 6-8 minutes. l'he most 
important part of the slicing procedure was the adhering of the optic lobe onto the 
Teflon chuck. If there was a gap between the sylgard block and the optic lobe then 
slices would not cut well. It was found that slices could only be cut with the aid of 
agar supporting the optic lobe.on either side. Also it was necessary to use agar with a 
high gel strength, as normal agar (low gel strength) would not remain adhered to the 
Teflon chuck and provide sufficient support throughout the slicing procedure. Slices 
could be rapidly cut if the optic lobe and agar blocks were correctly adhered to the 
chuck. The vibratome blade was advanced through the tissue at a rate of 
approximately 0.2cms· 1• Between 8 and 10 slices could routinely be cut from a 
single optic lobe. When the slice was placed into the recording chamber it could 
remain viable for long periods. The longest period from which suitable EFPs could 
be recorded was I Ohrs. The slices routinely remained viable for 5-7hrs; the best 
recordings were obtained in the first few hours of the experiment. 
3.3.2. Field potentia/nomenclature. 
In order to interpret the evoked field potentials recorded from the optic lobe slice 
preparation a logical terminology had to be established that enabled consistent 
identification of the constituent components. Initially the slice preparation was 
divided into a number of "layers". These layers were numbered 1-5 and 
corresponded to the optic nerve (I), the outer granular cell layer (2), the plexiform 
zone (3), the imier granular cell layer (4) and the medulla (5). After initial 
investigations it was decided to split layers 2, 3 and 4 into sub layers, a and b, 
corresponding to the outer and inner regions of each layer respectively. Figure 3.3 
demonstrates how the different regions of the optic lobe were assigned to their 
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Figure 3.3. Separation of the octopus optic lobe slice preparation into 5 layers. The 
digital image is from a cryostat section from a fixed (4% paraformaldehyde) optic lobe 
stained with methylene blue. The normal nomenclature is shown on the left. On the 
right is the nomenclature used during this study. The optic nerve is named layer 1, the 
outer granular cell layer is layer 2, the plexiform zone is layer 3, the inner granular cell 
layer is layer 4 and the medulla is layer 5. Layers 2, 3 and 4 are each split into two 
sublayers (a and b). Scale bar = 50J.!M 
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layers. Each peak in the EFP recorded from each layer was identified by a P or N as 
a positive-going or negative-going peak. Successive positive or·negative-going peaks 
were then assigned a consecutive number starting at I. A subscript detailing which 
layer the EFP was recorded from was then assigned. vhe reasons for this complex 
nomenclature is that it implies no assumptions about the identity of potential peaks 
that appear to be simultaneous and similar but are recorded from different layers. The 
methods of peak amplitude measurements of all components of the extracellular 
responses from the different regions of the optic lobe slice (layers I, 2a, 2b, Ja, 3b, 
4a, 4b and 5) are illustrated in figs 3.4 to 3.8 respectively. 
3.3.3. General Features 
The evoked field potentials (EFPs) recorded by the electrical stimulation of optic 
nerve fibres in the slice preparation of the octopus optic lobe followed a complex 
waveform that differed markedly in the different regions of the tissue. Stimulation of 
the ON with a single square wave cli!Tent pulse produced a complex sequence of 
potential changes that sweeps across the slice. The resultant waveform of the EFP 
was very dependent upon a number of criteria, including the exact position of the 
electrode, the stimulus parameters and recording conditions, the health and age of the 
animal, the quality of the preparation, the viability of the slice and the health of the 
ON. The stimulating and recording conditions were made as constant as possible, 
this was achieved by cleaning the stimulating electrode before stimulating an ON, 
maintaining a constant fluid level in the recording chamber and always ensuring that 
the recording electrode was between the range of 2-5MQ (and free from blockages). 
Some differences were observed between EFPs obtained from different 
slices/animals; however, these appeared to be of a quantitative rather than a 
qualitative nature. Figure 3.9 shows the variability that is evident in the size of the 
amplitude of the different components from field potentials recorded in the Ja layer, 
but little variability amongst the latency of the components. The general time course 
and polarity of the waveforms were comparable from animal to animal (and slice to 
slice) as long as the recording electrode was positioned in approximately the same 
position. 
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Extracellular evoked field potential~ recorded from layer I of the optic lobe slice 
(OLS) preparation following stimulation of the ON bundle follow a consistent 
appearance, A short latency and duration biphasic response is seen with an initial 
positive deflection (P 11) followed by a· negative deflection (N 11) (see fig.3.4A), This 
positive-negative complex (Pl 1-N 11), which lasts approximately 7mS, is undoubtedly 
attributable to the synchronous activation of the presynaptic retinal photoreceptor 
axons (RPAs), and is known as the retinal photoreceptor axon fibre volley (PFV). 
When the recording electrode is placed into layer 2a of the slice preparation the 
nature of the EFP is altered (see fig.3.4B). llhere is again a short duration and latency 
complex that now consists of a positive-negative-positive group of deflections (P 12,-
N !},cP22,). This triphasic response is again probably attributable to the PFV. After 
this response, which also lasts for approximately 7mS, there are no further potential 
deflections. 
The EFP recorded from layer 2b is comparable to that recorded from layer 2a except 
that three longer latency, negative components (N22b, N32b and N42h) me present (see 
fig.3.5). Also there is a very long duration underlying negative deflection present 
(N53a). As demonstrated below, these. slow waves are probably postsynaptic in 
origin. The longer latency negative deflections are separated from the initial P 12h-
N 12h-P22b complex by a delay of around 2-3mS, which is consistent with a synaptic 
delay. The slow waves also increase in amplitude as the recording electrode is moved 
from superficial to deeper regions of layer 2b, i.e. as the electrode is moved closer to 
the RPA terminations and hence synaptic connec~ions. It seems likely that the initial 
P 12b-N 12b-P22b complex is presynaptic in origin and is the PFV. Judging by the 
temporal aspects of the N22b, N3 2b and N42b components these are likely to be 
postsynaptic in origin. The nature of these negative components cannot be 
determined from this information but are probably attributable to summed, field 
postsynaptic potentials (FPSPs). 
The extracellular evoked field potentials recorded from the 3a and 3b layers are very 
similar but two important differences warrant the separation of the plexiform zone 
(layer 3) into two sublayers (3a and 3b). The initial component of the response 
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recorded from layer 3a after RPA stimulation, is a biphasic, short latency and 
duration, positive-negative complex (PI 3.-NI 3.) (see fig. 3.6). These components 
again probably constitute the PFV. Following this initial P l3 0-N l3a complex is a 
small negative going component (N23a) separated from the optic nerve fibre volley by 
a delay of approximately 3mS, which is consistent with a synaptic delay. Following 
this is another negative going deflection (N33u), which is greater in amplitude and 
duration. After these components there is another underlying event (N43.), which 
manifests as a very long duration, negative deflection, sometimes ,lasting up to 2s. 
The N23a component is not always completely discernible from the N33a component 
and often appears as a shoulder on the latter. The N23a and N33a components are 
probably attributable to FPSPs. 
The layer 3b EFP is very similar to the layer 3a EFP, yet there are important 
differences. There is an initial positive-negative complex (the PFV; P l3b-N 13b) 
followed by a single long latency and duration negative deflection (N23b) (see fig. 
3. 7 A). The initial small negative deflection found after the PFY in layer 3a EFPs is 
not present in layer 3b EFPs. Also the negative deflection is of much shorter 
duration in layer 3b than layer 3a. This is probably a combination of FPSPs and the 
underlying long duration response found in layer 3a (N43.). The FPSPs cannot be 
discerned into more than one component, also the end of the FPSPs and the 
beginning of the long duration component cannot be seen. 
Figure 3.78 shows the form of the layer 4a EFP. The EFPs recorded from layer 4a 
are generally comprised of a biphasic sh011latency and duration response (P 14.-N 14.) 
which is again probably due to the PFY. Following this is a small positive deflection 
(P24.). The waveform is usually flat after this. The small deflection is probably 
attributable to FPSPs, the lack of any further putative postsynaptic deflections, either 
positive or negative in inflection, is probably not due to the lack of activity but due to 
the position of the recording electrode in the field associated with postsynaptic 
current flow, where positive and negative influences are balanced. 
The EFPs recorded from layers 4b and 5 were comparable in their shape and polarity 
(see fig. 3.8.). Initially there is a biphasic response W14b-N 14b and Pls-Nls) which is 
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again probably the presynaptic PFV. After this there are three positive postsynaptic 
deflections (FPSPs). Occasionally there were more than three positive deflections. 
These FPSPs (P24b, P34b. P44b; P25, P35 and P45) all approximately mitTor the 
latencies of the negative deflections seen in the more peripheral regions of the OLS. 
There exists a definite dipole, a complete opposition of the putative postsynaptic 
components, in the polarity of the putative postsynaptic deflections of the EFPs 
recorded between the peripheral and deeper layers of the OLS. Figure 3.10 shows 
this dipole, with no postsynaptic deflections being present in layer 2a, negative 
deflections in the layer 2b and 3a EFPs, little deflections in layer 4a recorded EFPs 
and positive deflections present in the layer 4b EFP. 
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Figure 3.4. Components of the evoked field potential recorded from layer 1 (A) and layer 2 
(B) of the OLS. (A )- The response from layer 1 of the OLS consist of an initial biphasic 
volley (P lt -N lt ; presumably the PFV _ (B) The response from layer 2a of the OLS consists of 
an initial triphasic volley (P l 2a-N 12a-P 12a; presumably the PFV. All traces are plotted with 
positivity upwards; the initial positive deflections are the stimulu artefact and represent 
stimuli delivery times_ 
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Figure 3.5. Components of the evoked field potentials recorded from layer 2b of the OLS. 
(A) Recording made from the outer 2b layer (close to the border of layer 2a). (B) 
Recording obtained from the middle of layer 2b. (C) Recording from the inner 2b layer 
(close to the border with layer 3a), the arrows indjcate how the amplitudes of the different 
components were mea ured. Note in all recorrungs an initial triphasic complex (P l 2b-N 12b-
P22b; presumably the PFV), followed by three slow waves (N22b. N33b and N43b; 
presumably FPSPs) and an underlying slow-decaying response (N52b). The FPSPs increase 
in magnitude as the electrode i moved from superficial to deeper regions of layer 2b. 
Positivity is plotted upwards, the initial positive, positive and negative deflections (A, B 
and C respectively) are stimulus artefacts and represent stimulus delivery times. 
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Figure 3.6. Components of the evoked field potentials recorded from layer 3a of the OLS. 
The response from layer 3a of the OLS consists of an initial biphasic volley (P !33-N l 3a; 
presumably the PFV), fo llowed by two slow posi tive waves (P23a and P33a; presumably 
FPSPs) and also a long duration slowly decaying component (N433). This recording is 
made from the layer of the optic lobe cortex where the conical shaped terminal bags of the 
retinal photoreceptors occur. The trace is plotted with positivity upwards; the initial 
positive de flection is the stimulus artefact and represents timulus delivery time. 
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Figure 3.7. Components of the evoked field potentials recorded from layer 3b (A) and layer 4a 
(B) of the OLS. (A) The response from layer 3b of the OLS consi ts of an initial biphasic volley 
(P L3b-N I 3b; presumably the PFV), followed by a long duration slow, negative wave (N23b; 
presumably the FPSP). (B) The response from layer 4a of the OLS consists of an initial 
biphasic volley (P1 43-Nl 4a; pre umably the PFV), followed by a small, po iti ve low wave 
(P24a; presumably attributable to FPSPs) . All traces are plotted with positivity upwards; the 
initial posi tive deflections are stimulus artefacts and represent stimuli delivery times. 
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Figure 3.8. Components of the evoked field potentials recorded from layer 4b (A) and layer 5 (B) 
of the OLS. (A). The response from layer 4b of the optic lobe consists of an initial biphasic volley 
(P 14b-N 14b; presumably PFV), followed by three slow positive waves (P24b, P34b and P44b; 
presumably FPSPs). The response from layer 5 of the optic lobe consists of an initial bipha ic 
volley (P 15-N 15: presumably PFY), followed by three slow positive waves (P25, P35 and P45; 
presumably FPSPs). All traces are plotted with positivity upwards; the initial negative deflections 
are timulus artefacts and repre ent stimuli delivery times. 
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Figure 3.9. Mean peak amplitudes and relative peak latencies of the different components of 
the evoked field potential recorded from layer 3a after orthodromic stimulation of a single 
optic nerve bundle. Note the large variations in amplitudes but relatively small variations in 
the corresponding peak latencies, data expressed as mean ± S.E., n = 8. 
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Figure 3.10. Evoked field potenlials showing the dipole between superficial and deeper 
recorded slow waves. These waves are probably postsynaptic in origin. (A) EFP recorded from 
layer 2a hawing fibre volley but no slow waves. (B) EFP recorded from layer 2b showing 
negative going slow waves. (C) EFP recorded from the 3a layer showing large negative slow 
waves. (D) EFP recorded from the 4a layer showing very small, nearly absent slow waves. (E) 
EFP recorded from the 4b layer showing slow waves that are now positive in inflection. 
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3.3.4. Stimulus intensity - response amplitude dynamics 
The relationship between timulus intensity and response amplitude was comparable 
for all components of the EFPs recorded from the different layers. The curves 
described by these relationships were always sigmoidal. Although the relation hips 
were all simi lar the stimulus intensities required to evoke them differed markedly. 
Some optic nerves required higher stimulus intensities to evoke threshold responses. 
Also the stimulus intensity needed to produce maximal responses varied greatly from 
preparation to preparation. The duration of the stimulus required to evoke threshold 
and maximal responses differed from one preparation to the next. These differences 
can undoubtedly be accounted for by differences in stimulus parameters, namely, 
orientation of the nerves between the stimulation electrodes, health of the nerve and 
thickness of the nerve. 
Figure 3. llA hows the effects of increasing stimulus intensity on the biphasic PFV 
from layer 1. Both components (P J 1 & N 11) increase with increasing stimulus 
intensity. Figures 3.118 & 3.11C show the sigmoidal relationship between the 
different components and the PFV with stimulus intensity. The threshold stimulu is 
-2.5mA and the maximal stimulus intensity -4mA. 
Fig 3. 12 how the effect of increasing timulus intensity on the triphasic PFV 
recorded from layer 2a. All components (P l 2a. N ha and P22a) increase above the 
threshold stimulus in ten ity ( -2.5-3.0mA), maximal response amplitudes do, 
however, differ for the different components. The P22a component reaches it 
maximal re ponse amplitude with the lower stimulus intensity ( -4.4mA). The P ha 
and Nha components require stimulus intensities of -5.0mA and -6.0mA 
respectively to reach their maximal response amplitudes. The threshold and maximal 
amplitude of the PFV need stimulus intensities of -2.6mA and -6.0mA respectively. 
Figure 3. 13 demonstrate the effect of raising stimulus intensity on the layer 2b EFP. 
All components increase with increasing timulus above their threshold intensity. 
The threshold intensity for all components is -3.5mA. Stimulus intensities needed to 
evoke maximal responses were however different for the different components. The 
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P 12b, N 12b components and the PFV all required stimulus intensities of -7 .OmA to 
evoke maximal response . The P22b component required a stimulus of - 6.5mA to 
elicit a maximal response. The putative postsynaptic components all reached their 
maximal respon es at lower stimulus intensities of around 6.0mA. 
Figure 3.14 how the effects of raising stimulus intensity on the resultant EFP 
recorded from layer 3a. A stimulus intensity of -2.0mA is required to evoke a 
threshold response of all components. As the stimulus intensity is raised so the 
amplitude of all components (both pre- and postsynaptic in origin) are increased. 
The stimulus intensity required to evoke maximal responses is between 7.0 and 
7.5mA. Above this value the response amplitudes remain constant. 
The relationship between timulus intensity and response amplitude of the layer 3b 
EFP is demonstrated in figure 3.15. Above the threshold stimulus intensity 
(-2.0mA) all components of the PFV and the FPSP increase unti l the maximal 
stimulus inten ity ( -9.0mA) is reached. 
The relation hip between stimulus intensity and response amplitude for layer 4b/5 
EFPs is shown in figure 3.16. The threshold EFP could be evoked with stimulus 
intensities above -2.0mA. At low stimulu intensities (3.0-4.0mA) there i a 
biphasic PFV present as well as a ingle positive FPSP. Above 4.0mA the s ingle 
FPSP becomes numerous components which increase with increasing stimu lus 
intensity. The stimulus intensities required to elicit maximal response amplitudes 
differs for different components but ranges from 8.0 to 9.0mA. 
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Figure 3.11. Stimulus amplitude and response amplitude relationship for evoked field potential recorded from Layer 1 of the OLS after 
orthodromic stimulation of a single optic nerve bundle. (A) Recordings taken over a range of stimulation intensities. (B) Peak amplitude of the 
Pl 1 (filled triangles) and N1 1 components (filled circles) with increasing stimulus strength. (C) Amplitude of P1 1-Nl 1 with increasing stimulus 
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Figure 3.12 Stimulus amplitude and response amplitude relationship for evoked field potentials recorded from layer 2a of the OLS after orthodromic 
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Figure 3.16. Stimuls amplitude and response amplitude relationship for evoked field potential recorded from layer 5 after orthodromic 
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3.3.5. Input-output curves 
Input-output (1/0) curves were generated using peak amplitudes of the various 
components of the EFP recorded from the 3a layer. Layer 3a was used as this layer 
has been shown to be the region where the first synapses in the visual pathway occur, 
also large putative postsynaptic deflections were found here. 1/0 curves are useful in 
understanding the mode of action of different pharmacological agents or 
physiological salines with different ionic manipulations upon the presynaptic and 
postsynaptic response dynamics of the EFP, If a pharmacological agent is bath 
applied to a slice preparation and the resultant EFP recorded after a given time 
period, the amplitude of the fibre volley, FEPSP and population spike can be 
compared before, during and after the application. This does not provide information 
about whether the drug is acting presynaptically or postsynaptically. Recording 
EFPs, at stimulus intensities ranging from subthreshold to supramaximal, both with 
and without the pharmacological agent can help to elucidate the mode of action. 1/0 
curves are generated by plotting the amplitude of the fibre volley against stimulus 
amplitude, the FEPSP amplitude against fibre volley amplitude and population spike 
amplitude against FEPSP amplitude. If the drug of interest has acted presynaptically 
the shape and gradient of the plot of fibre volley against stimulus amplitude will be 
altered. lf the drug affects synaptic transmission the shape and gradient of the 
FEPSP/FV plot will be altered but the PS/FEPSP curve should remain the same. As 
a prerequisite for further studies is was decided to characterise the relationship 
described byl/0 curves generated from the EFP recorded from layer 3a. 
The layer 3a EFP had a sh011 latency biphasic response (presumed to be the PFV; 
P 13.-N 13.), followed by two or more longer latency and duration responses 
(presumably FPSPs; N23a and N3 33). In order to standardise the procedure for 1/0 
curve generation the PFV was measured as the amplitude between the first positive 
and negative peaks (P 13a to N lJa). the amplitude of the FPSPs was measured for the 
two negative components following the PFV (the N2la and N3la components). The 
actual shape of the 1/0 curves was remarkably consistent from preparation to 
preparation showing a consistent relationship between the amplitudes of the 
presumed PFV and the FPSPs. The amplitude of the PFV plotted as a function of 
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stimulus amplitude always described a sigmoidal relationship (see section 3.3.4 and 
fig. 3.17). When the amplitude of the FPSPs were plotted as functions of the PFV 
amplitude the relationships described were hyperbolic with a plateau being reached 
(see fig 3.17 B & 3.17C). If the amplitude of the second presumed postsynaptic 
component was plotted as a function of the first presumed postsynaptic component 
the relationship was linear (see fig 3.17 D). 
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Figure 3.17. Input/output curves for the evoked field potential recorded from the 3a layer 
of the OLS after orthodromic stimulation of a single optic nerve. (A) Shows the sigmoidal 
relationship between the PFV and stimulus amplitude. (B) & (C) The relationships between 
FPSPs amplitude (N2Ja and N3Ja) and the PFV. Both relationships are hyperbolic, with the 
curve reaching a plateau. (D) The relationship between the two FPSPs is linear. 
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3.3.6. Relationship of single-unit responses to field-potential recordings 
Single unit recordings (extracellular recordings of action potentials from single 
neurons) were only recorded on two occasions. This is undoubtedly due to the type 
of recording electrode used (saline-filled glass microelectrode instead of sharpened 
metal electrode). Figure 3.18 shows the recording of a single unit superimposed over 
the EFP recorded from an adjacent position. Two pairs of action potentials can be 
seen to approximately coincide with two negative putative FPSPs. 
3.3.7. PFV conduction velocity 
Figure 3. L 9A shows the superimposed recordings taken at 25jlm increments along the 
optic nerve-medulla axis in layers I and 2a. A progressive increase in the latency of 
the positive and negative components (Plx and Nlx; xis the layer from which the 
recording was made) is evident with increasing distance from the periphery of the 
tissue. The change in peak latency of the two PFV components plotted against 
relative distance (figure 3.198 & 3.19C) gives relationships that are well fit with 
straight lines. The data provides an estimated conduction velocity for the PFV of 
0.14mS. 1±0.01 (mean ±S.E., n=3) for the PI, and N 1,. This conduction velocity is 
comparable for the velocity expected from unmyelinated invertebrate neurons. 
Figure 3.20 shows how the peak latency of the PL, and N Lx components of the PFV 
change with increasing distance along the ON-medulla axis. Roughly there are three 
different conduction velocities apparent with the PFV travelling relatively slowly in 
layers I and 2a, increasing velocity in layers 2b, 3a and part of 3b before stopping in 
the rest of the tissue. This would be agreeable with the morphology, which suggests 
that the RP As proceed through layers I and 2 before terminating in layer 3. 
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l(hf) 
Figure 3.18. Extracellular single/multiple unit recording (black) from layer 3a of the OLS 
superimposed over an EFP (red) recorded from an adjacent position (1 OJ..lm away from 
the original site). Both recordings were evoked by a single orthodromic stimulation of a 
single optic nerve bundle. The putative postsynaptic components of the EFP were very 
small as the recordings were obtained from a relatively old slice. The single/multiple unit 
recording followed a similar path to the EFP but four extracellularly recorded action 
potentials are present. The timing of each pair of action potentials (APs) showed an 
approximate synchronicity with two putative FPSPs (N23a and N33a). Also note that the 
onset of the first two APs coincides with two small, negative deflections of the EFP 
(arrows). 
118 
(A) 
--o~ 
-- 25 J.Uil 
-- 50 J.Uil 
-- 75 J.Uil 
(B) 
3.8 
.J:> 
N 
3.7 
-~ 
~ 
-
3.6 
P-c 
13 
i 
_!g 
3.5 
~ 3.4 
3.3 
Distance (Jll11) 
(C) 5.1 
5.0 
.J:> 
N 
...... 4.9 ~ 
...... 
~ 4.8 
0 
i ~ 4.7 
~ 
4.6 
4.5 
2mS 
0 20 40 
Distance (J.Ull) 
60 
> 6 
ll") 
Figure 3.19. Determination of the conduction velocity of the PFV from layer 2 (a & b) of 
the optic lobe slice after orthodromic stimulation of the afferent optic nerve bundle. (A) 
Superimposed recordings taken from the periphery of the optic lobe and at 25, 50 and 75 Jlm 
from the original position in the OGCL (layers 2a and 2b ). (B) Peak latency of the positive 
component of the fibre volley (Pl2a and Pl2b) with increasing distance from the original 
position. (C) Peak latency of the negative component of the fibre volley (Nha and Nhb) 
with increasing distance from the original position. 
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Figure 3.20. Mean relative peak latencies of the different components of the putative PFV 
with increasing distance from layer 1. (A) First positive peak (Plx). (B) First negative 
peak (Nix)· The curve fit through the data points is sigmoidal. Conduction velocity is 
calculated by the gradient of the line. Note that there are three periods with approximately 
different gradients, 0-75llffi, 75-150llffi and 150-350llffi. These areas represent the OGCL, 
part of the PZ and the rest of the slice respectively. The PFV travels slowly in the OGCL, 
quickly in part of the PZ and then doesn't for the rest of tissue. 
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3.3.8. Response amplitude- stimulus frequency relationship 
The effects of altering stimulus frequency can help elucidate which components are 
pre- and postsynaptic in origin. At high frequencies postsynaptic components can 
suffer from 'fatigue' resulting in reduced amplitudes. Stimulating the optic nerve at 
a low frequency (0.1 Hz) caused no change in the P hb and N 12b components of the 
presumed PFV recorded from layer 2b of the optic lobe slice (OLS). Increasing the 
frequency did not alter the P bb and N b components until the stimulation frequency 
reached 100Hz. At these high stimulation frequencies both of these early 
components are facilitated and hence have greater amplitudes. (see fig.3.2lA & fig. 
3.22A). The N22b, N32b and the N42b components were reduced as the stimulation 
frequency was increased (see figs. 3.2lB & 3.22A-C). At low stimulation 
frequencies the longer latency and duration component (N43a) is enhanced and lasts 
much longer. 
3.3.9. Response to paired stimuli 
Another method of identifying pre- and postsynaptic components of an EFP is to 
employ paired pulse tests. Paired pulse tests can reveal postsynaptic components by 
showing any synaptic plasticity, such as facilitation or depression, that may occur 
when presenting paired stimuli with variable interpulse intervals. With paired stimuli 
administered to a single optic neive bundle the resultant EFPs recorded from layers I, 
2b and 3a after the test (T) pulse are different from the resultant EFPs after the 
conditioning (C) pulse. Figure 3.23 shows the actual recordings taken with 
interpulse intervals of 40mS from each of the layers. The form of the EFP after the 
T-pulse differs depending upon the interpulse interval. The layer I T-pulse EFP, 
which consists of the PI 1-N 11 PFV complex, is greater in amplitude than the C-pulse 
EFP amplitude. The mean amplitude of the different components of the layer I T-
pulse EFP (expressed as a percentage of the C-pulse EFP amplitude) shows a definite 
relationship with interpulse amplitude (see fig. 3.24). The amplitude of all of these 
components is inhibited at low interpulse intervals (0-20mS). Facilitation of all 
components occurs at interpulse intervals between 20 and 180mS. With interpulse 
intervals between 180 and 400mS there is a slight inhibition in the amplitude of all 
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components, with interpulse intervals above 400mS there is no alteration m the 
amplitude of either the Pl 1 or N 11 components of the T-pulse EFP. 
The T-pulse EFPs recorded from layers 2b and 3a of the optic lobe are very different 
to the C-pulse EFPs; again this difference is dependent upon the interpulse interval. 
Figs 3.23B & 3.23C show the recordings made with paired stimuli separated by 
40mS in layers 2b and 3a. The components of the PFV are all increased in amplitude 
whilst the putative postsynaptic components are abolished. With interpulse intervals 
between 0 and IOmS the fibre volley components (P l2b, N bb and P22b; Pl3, and 
N 13,) of the T -pulse EFPs are abolished. With interpulse intervals above I OmS the 
amplitude of the fibre volley components increases with each increase in interpulse 
interval, until 20mS, when the T-pulse fibre volley components reach the amplitude 
of the C-pulse fibre volley components. Like the PFV from layer I the different 
components of the layer 2b and 3a PFV increase in amplitude with interpulse 
intervals between approximately 20 and 300mS. The putative postsynaptic 
components of the layer 2b and 3a EFPs are all abolished with interpulse interval 
below 40mS. With increasing interpulse intervals the putative FPSPs increase 
incrementally (see figs. 3.25 & 3.26). 
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Figure 3.21. Effects of increasing the stimulation frequency upon the evoked field potential 
recorded from layer 2b after orthodromically stimulating a single optic nerve bundle. (A) Long 
duration recordings show that with increasing stimulation frequency the longer latency and 
duration components of the EFP (N22b, N32b and N42b) are markedly reduced in both amplitude 
and duration. (B) Short duration recording shows that the short latency and duration 
components (Phb and Nhb) are relatively unaffected by increasing stimulation frequency. 
Arrows indicate stimulus artefact. 
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Figure 3.22. Effects of altering stimulation frequency upon the different components of the 
evoked field potential recorded from layer 2b after orthodromic stimulation of a single optic 
nerve bundle. {A) Peak amplitude (Phb, circles and Nhb, triangles) and total amplitude (Pl2b-
Nbb, squares) of the short duration and latency components (PFV) with increasing stimulus 
frequency. Note little change apart from an increase with frequencies higher than 5Hz. (B-C) 
Peak amplitudes of the N22b, N32b and N42b components with increasing stimulus frequency. 
Note the gradual reduction in all putative postsynaptic components with increasing frequency. 
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Figure 3.23. Effects of paired pulse stimulation tests on different OLS EFPs. Paired 
stimuli are delivered 40mS apart. (A) Layer 1 EFP, note the increase in amplitude of the 
two components of the biphasic PFY. (B-C) Layers 2b and 3a EFPs respectively. Note 
the increase in amplitude of the PFVs and the abolishment of the putative postsynaptic 
components of all EFPs. 125 
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Figure 3.24. Effect of paired-pulse tests on the amplitudes of the components and the PFV 
recorded from Jay er 1 of the OLS after orthodromic stimulation of a single optic nerve bundle. 
(A-C) P1 1, N1I and PlJ-Nl1 respectively. Note the reduction in amplitude below 20mS 
interpulse intervals and the increase in amplitude between 20 and 200mS interpulse intervals. 
n=4, data are expressed as mean±S.E. 
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Figure 3.25. Effect of paired-pulse tests on the amplitudes of the PFV and the different 
components of the EFP recorded from layer 2b of the OLS after orthodromic stimulation of a 
single optic nerve bundle. (A) PFV amplitude with interpulse intervals between I 0 and 40mS. 
(B) PFV amplitude with interpulse intervals (!Pis) between 0 and 450mS. (C-F) Amplitude of 
N22b, N32b, N42b and NS2b with increasing interpulse intervals. Note the increase in amplitude of 
the t-pulse PFV between 20 and 250mS IPis and the reduction below 20mS IPls. 
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Figure 3.26. Effect of paired-pulse tests on the amplitudes of the PFV and the different components of the EFP recorded from layer 3a 
of the optic lobe slice after orthodromic stimulation of a single optic nerve bundle. (A) PFV amplitude with increasing interpulse 
intervals (IPis). (B-D) Amplitude ofthe N23a, N33a and N43a components with increasing (IPis). Note the increase in amplitude of the t-
pulse PFV between 20and 250mS IPis and the reduction below 20mS IPI. Also the gradual increase in amplitude ofthe t-pulse putative 128 
postsynaptic components with increasing IPis 
3.3.10. Responses to paired adjacent nerve stimulation 
In order to elucidate if there are any lateral interactions occurring between adjacent 
optic nerves and their postsynaptic neurons experiments were·carried out with stimuli 
being applied to adjacent nerves. The simultaneous stimulation of one optic nerve 
bundle did not appear to have any facilitatory or inhibitory affect upon either pre- or 
postsynaptic extracellular responses caused by the stimulation of an adjacent optic 
nerve bundle. The protocol for this experiment involved finding two adjacent RPA 
bundles that each produced EFPs when stimulated independently. Tracks of 
recordings every75)lm were made parallel to the periphery of the slice at two layers 
(2a and 3a) beginning where there was no EFP recorded and covering a· distance so as 
to encompass the lateral spread of both nerves. The stimulation protocol followed 
was the same for each track of EFP recordings. Initially one nerve was stimulated 
and the EFP recorded, the second nerve was then stimulated and the EFP taken, 
finally both nerves were stimulated simultaneously and another EFP recorded. The 
amplitudes of the different components were then measured for each of the three 
stimulations at each recording point and then plotted as a function of the relative 
distance. 
Figure 3.27 shows the actual recordings obtained from three loci along the tract in 
layer 2a. With the recording electrode placed next to nerve I the resultant EFP after 
nerve I stimulation and after both nerves were stimulated was the same. The same is 
also true for the other nerve. When the recording electrode is placed into a position 
between the two nerves a response is evoked by stimulating both ne~ves 
independently. When stimuli were applied together, the resultant EFP was greater in 
amplitude than both of the individual EFPs. 
The stimulation of each RPA bundle resulted in separate lateral spreads. of activity in 
each of the three layers. These lateral spreads showed some overlap (see figs. 3.28 & 
3.29). When there was no overlap in lateral spreads the EFP recorded after the 
stimulation of one nerve was the same as when both ne1ves were stimulated. If, 
however, there was an overlap the amplitude of the different components of the 
resultant EFPs produced after stimulation of both nerves was equal to the sum of the 
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amplitudes when both RPA bundles were separately stimulated. This simple 
summation of the two separate EFPs to produce greater amplitudes of the different 
components indicates that no facilitatory or inhibitory affects are produced upon the 
EFP produced when stimulating one RPA bundle after stimulation of an adjacent 
RPA bundle. 
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Figure 3.27. Effects of stimulating two adjacent nerves separately and both nerves 
simultaneously on the EFPs recorded from three loci along a tract through layer 2a of the 
OLS. (A) Recording position (I) parallel to the centre of nerve I. (B) Recording position (2) 
midway between the two nerves. (C) Recording position (3) parallel to the centre of nerve 2. 
Note the virtual absence of an EFP in recording position (1) when nerve 2 is stimulated and in 
recording position (3) when nerve I is stimulated. Also in the position between the two nerves 
when both nerves are stimulated the response is roughly equal to the sum of the two separate 
responses. 
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Figure 3.28. Effects of stimulating two adjacent optic nerve bundles on the resultant 
EFPs recorded from layer 2a ofthe OLS. EFPs were recorded after stimulating the first 
nerve, the second and then both nerves simultaneously over a 12001lfll tract along layer 
2a. (A) Amplitude of the P12a component. (B) Amplitude of the N12a component. (C) 
Amplitude of the RPAFV (Pha-Nha). Nerve 1 stimulation, black; nerve 2 stimulation, 
red; both nerves stimulated, blue; summed amplitudes of nerves 1 +2 separate 
stimulations, green. Note the amplitude of all components (and the PFV) are simply 
summated with simultaneous stimulations. 
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Figure 3.29. Effects of stimulating two adjacent optic nerve bundles on the resultant EFPs recorded from layer 3a of the OLS. EFPs 
were recorded after stimulating the first nerve, the second nerve and then both nerves simultaneously over a 1200f.Ull tract along layer 3a. 
(A) Amplitude of the Pha component. (B) Amplitude ofthe Nha component. (C) Amplitude ofPFV (P13a-N13a). (D) Amplitude of the 
putative FPSP (N338). Nerve 1 stimulation, black; nerve 2 stimulation, red; both nerves stimulated, blue; summated am.pliteds of nerves 
1 +2 separate stimulations, green. 133 
3.4. 'DISCUSSION 
.1.4.1. Optic lobe slice pt:eparation 
The cephalopod optic lobe slice now provides a preparation from which 
electrophysiological recordings can be consistenily obtained. Preparation of the 
tissue was pararilount in obtaining good recordings. After initial experiments it 
became clear that a number of procedures during the preparation were vital to the 
production of viable slices. Initially a very low temperature CFASW was used as a 
cutting solution, the solution was 'slushy' with ice and sometimes, even though the 
preparation went well, the slices weren't viable with no electrical activity present at 
all. The temperature of the cutting solution was raised so that it was no longer slushy, 
after this there was always some electrical activity in the slice. The reason for this 
was presumably that when the solution was slushy(below 0°C) the liquid portion was 
of a higher osmotic value than normal due to the water forming ice crystals and 
leaving the ions in solution, as there is less water in the solution the osmotic value is 
consequently higher. The high osmotic value of the slushy solution is, presumably, 
detrimental to slice viability. This may or may not be the reason for unviable slices 
being produced, although when a higher temperature cutting solution was used, the 
slices were always viable. 
Perhaps the most important aspect of the preparation of viable optic lobe slices was 
the adhering of the tissue to the Teflon chuck of the vibratome and the placing of 
agar blocks adjacent to the tissue. The tissue had to be placed so that there was no (or 
very little) gap between it and the supporting sylgard block. Blocks of high gel 
strength agar were necessary to provide adequate support for the tissue during the 
slicing procedure. If the tissue did not stick correctly, with the agar blocks correctly 
in place, the tissue compressed when the blade reached it, and expanded laterally. 
This resulted in chunks of tissue being obtained which were completely inadequate 
for electrophysiological recordings. If these procedures were followed slices could be 
cut that would remain viable for up to 10 hours. 
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3.4.2. Interpretation of evoked fieldpotentials 
The extracellular field potentials evoked by the electrical stimulation of retinal 
photoreceptor axons in a ~ingle optic nerve bundle were complex and differed 
markedly from region to region. Despite this a consistent waveform could be 
recorded from similar regions in different slices/animals after a single square wave, 
current pulse was applied. 
During the interpretation of the EFPs caused by the stimulation of the RP As from a 
single ON bundle comparisons between vertebrate preparations must be made, as 
there are no comparable studies undertaken on other regions ofthe cephalopod CNS. 
In doing so it must be remembered that this preparation is from a marine invertebrate 
with a different organisational basis to its CNS. Although the tissue is different in a 
number of ways the underlying neuronal mechanisms of action potential propagation 
and synaptic transmission are likely to be comparable. 
The initial events in the extracellular EFPs (after the stimulus artefact) were 
composed of a hi/triphasic response that was of a short duration and latency (P 11-
NI,, P l2a-N l2a-P22a, P l2b-N l2b-P22b. Pba-N lJa, Pbb-N IJb, P14a-N 14a, Pl4b-N 14b and 
PI 5-N 15). These complexes had peak latencies that increased as the electrode was 
moved from layer I to layer 3a, and then remained constant in all other layers, and 
are clearly .the electrical activities associated with the action potential propagation 
along the RPAs after stimulation. This activity which i·epresents the compound 
action potential is known as the photoreceptor fibre volley (PFY). The relative peak 
latencies of the different components of the fibre volley complexes increase as the 
electrode is moved from layer I to layer 3a. This is consistent with the activity being 
generated by the action potentials passing along the RPAs through layers 2a and 2b 
(the OGCL) before terminating in the 3a layer. The conduction velocity of this 
complex is approximately 0.14ms·', which is commensurate with the velocity 
exhibited by unmyelinated axons. It is unlikely that any of this initial fibre volley 
activity can be attributed to the inadvertent activation of superficial neurons in layer 2 
(the OGCL) as long optic nerves were usually chosen for stimulating. The recording 
site could sometimes be in excess of 5mm from the stimulating site. The initial 
hi/triphasic response from all layers was unaffected by altering the stimulation 
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frequency except at high frequencies when this response was facilitated. The same is 
true for this initial response during paired pulse tests. With large interpulse intervals 
there was little or no alteration in the amplitude of the response but with small 
intervals the response was again facilitated (except at intervals below -I OmS when 
the T -pulse response was inhibited). It is not clear why there is a facilitation in the 
amplitude of this early complex of the EFP with high stimulation frequencies or with 
paired pulses separated by short interpulse intervals, what is clear is that no inhibition 
as may be expected with postsynaptic components was seen. 
The properties of this hi/triphasic, short latency and duration complex, which can be 
recorded in all regions of the cortex are most consistent with its generation by the 
propagation of action potentials along the efferent RP As. 
In layers I and 2a the EFP comprises of the fibre volley alone. If the electrode is 
placed into layers 2b, 3a and 3b slow waves of long latency and duration can be seen 
following the fibre volley temporally. These waves usually comprised of three 
components and had maximum amplitudes in the 3a layer. This region is where the 
RP As terminate and synapses are made. When the electrode was placed into the 4a 
layer the fibre volley was still present but the long duration and longer latency waves 
appeared to be absent. With the electrode placed in either of the 4b or 5 layers the 
fibre volley was again present but the long duration and longer latency waves 
appeared as positive deflections. Temporally it appears that these slow waves are 
due to the summation of postsynaptic potentials that occur after the release of 
transmitter from the presynaptic RPAs after the arrival of the PFY. Evidence to 
support this is provided by frequency inhibition and paired pulse tests. At low 
stimulation frequencies these slow waves are not affected and may even be enhanced. 
AI high stimulation frequencies, however, the slow waves are depressed or abolished. 
The amplitude of the slow waves is reduced as the stimulation frequency is increased. 
At very high frequencies the slow waves are completely abolished. This is 
undoubtedly due to fatigue of the synapse, with neurotransmitter not being released at 
'normal' levels with high frequency stimulation. The amplitude of the T-pulse EFP 
slow waves is similarly diminished with decreasing interpulse amplitudes. With 
interpulse intervals less than 40mS the slow waves are completely abolished. These 
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results are consistent with the slow waves being of postsynaptic origin. The 
abolishment or reduction in amplitude of the putative postsynaptic components with 
small interpulse intervals or with high stimulation frequencies is probably due to the 
inability of neurotransmitter to be replenished in the presynaptic terminal· and hence a 
smaller release of transmitter into the synaptic cleft is seen. These slow waves, 
which are negative in superficial layers and positive in deeper layers, are undoubtedly 
attributable to field post synaptic potentials (FPSPs). In the majority of vertebrate 
preparations comparable negative potentials exist in regions of known excitatory 
synapses after innervation of presynaptic pathways. These potentials are known as 
field excitatory post synaptic potentials (FEPSPs). As it is not known if the 
potentials recorded in this study are in fact excitatory in nature and not the 
summation of excitatory and inhibitory potentials, they are known as field 
postsynaptic potentials (FPSPs). These potentials are more than likely polysynaptic 
excitatory potentials, although inhibitory influences cannot be discounted. 
The different components of all recorded EFPs behaved in a similar manner when the 
stimulus intensity was increased. For stimulus intensities above threshold, the EFP 
component ampliLUdes increased rapidly before plateauing with supramaximal 
responses. The increase in amplitude is due to an increase in presynaptic RP As 
activity, the more APs firing in more axons the greater the extracellular field 
potential produced. For stimulus intensities above maximal, all of the presynaptic 
RPAs are recruited and hence firing; any subsequent increase in stimulus intensity 
results in the same amplitude of response. The putative postsynaptic components 
behave in a similar manner. As more RPAs fire APs with the increasing stimulus 
intensity, so more neurotransmitter is released from the presynaptic terminals. 
Subsequently more second order neurons produce excitatory (or possibly inhibitory) 
postsynaptic potentials of greater magnitude. As a result the postsynaptic responses 
recorded extracellularly are greater in amplitude. The stimulus intensity required to 
evoke maximal presynaptic responses is however generally greater than the intensity 
needed to elicit maximal postsynaptic responses. This may be due to damage to 
some second order neurons occuning during the slicing procedure. Neurons 
'outside' of the slice may synapse with the RP As ill vivo, during the preparation of 
the i11 vitro slice however, these connections may be lost. 
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The dipole that exists between the polarity of these postsynaptic slow waves, with 
large negative potentials being found in the superficial layers (where RPAs 
termination) and positive waves being found in deeper layers, is exactly the type of 
field that would be expected if the RP As were excitatory to dendrites of cells located 
deeper in the tissue (Lynch & Schubert, 1980). The negative FPSPs recorded in 
layers 2b, 3a and 3b are probably generated by the flow of extracellular current into 
the postsynaptic dendrites at the synaptic site, this creates a current 'sink' and a 
resultant extracellular negativity. At all other regions of the cell, particularly the 
soma, current flows outwards thus generating local current sources and consequently 
an extracellular current 'source'. Figure 4.31 shows a diagrammatic representation of 
how such current sources and sinks are formed and how the resultant extracellular 
activity is generated. The distribution of the current source is dependent upon the 
cable properties of the dendrites and somata as well as the actual distribution of ion 
channels within the neuronal membrane. The amplitude of the resultant postsynaptic 
deflections are determined by the currents generated and the conductivity of the 
extracellular space (Manis, 1989). This sort of extracellular dipole is seen after 
orthodromic stimulation of the CA I region of the mammalian hippocampal slice 
preparation. (Aiger et al., 1989). The pyramidial cells of the mammalian 
hippocampal preparation in the CA I region receive synaptic input onto dendrites in 
the Stratum Radiatum which are located some distance from the cell bodies, which 
can be found in the Stratum Pyramidale. If this pathway is stimulated and a 
recording electrode placed into the dendritic, Stratum Radiatum the resultant FEPSP 
are negative deflections with long durations. If the recording electrode is placed into 
the Stratum Pyramidale and the same pathway stimulated the FEPSPs are positive in 
inflection. Similar dipoles in the polarity of the FEPSP have been demonstrated in a 
number of in vivo and in vitro preparations. 
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Figure 3.30. Diagrammatic representation of principals behind generation of negative and 
positive extracellular recorded postsynaptic potentials. The diagram shows a single idealised 
synapse with a postsynaptic neuron that receives excitatory input from the presynaptic cell. 
As an action potential arrives at the presynaptic terminal neurotransmitter is released and 
causes a small excitatory postsynaptic potential on the postsynaptic membrane. This activity 
at the dendrites of the postsynaptic cell causes an inward flow of current. The current flows 
from the cell somata towards the synaptic region. The region where current flows from is 
called the ' source', the region where current enters the cell is known as the 'sink' . The 
recorded postsynaptic extracellular field potential recorded from a preparation is caused by 
the summation of numerous small currents (from individual neurons). On the left are 
examples of how the postsynaptic field potentia Is may look from such a synapse. Near to the 
sink the response will be negative, near to the source the response is positive. Intracellular 
responses are shown in red, extracellular in blue. The dotted lines indicate flow of current 
after postsynaptic activation. 
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3.4.3. Comparisons with other reports/systems. 
Due to the paucity of good electrophysiological recordings obtained from the 
cephalopod optic lobe and the differences in experimental techniques and 
preparations used, comparisons between the data obtained in this study and previous 
work is difficult. 
Extracellular gross recordings and single (or multiple) unit recordings have been 
obtained from the periphery of intact optic lobes either in vivo (MacNichol & Love, 
1960a,b; Boycott et al., 1965; Daw & Pearlman, 1974; Orlov et al., 1982) or in vitro 
(Williamson et al., 1993)). The majority of these recordings were in response to 
photic stimulation of the attached eye/retina. The gross recordings usually showed an 
oscillatory potential waveform in response to the photic stimulation, which is 
probably due to the sustained underlying action potential generation by the RP As. 
Again the single and multiple unit activity in response to the photic stimulation is 
probably due to spike discharges of the RP As. However, Boycott et al., ( 1965) 
provided records of slow sustained negative monophasic potentials that had two 
components (see figure 1.7). These waveforms are comparable to the putative FPSPs 
recorded from layer 3a of the optic lobe during this study. The recordings obtained 
by Boycott et al. (1965) differed from those taken during this study in that no PFV 
was present. This is not unexpected as Henderson (1993) reported the lack of a FV 
in in vivo preparations compared to their in vitro slice preparation counterparts. 
3.4.4. Fwrctional considerations 
Given the preliminary nature of the data it is difficult to draw any concrete 
conclusions. What is clear, however, is that the EFPs recorded from the octopus optic 
lobe slice preparation are comprised of both pre- and postsynaptic elements. The 
presynaptic elements are attributable to the afferent retinal photoreceptor axons, 
which are collected into bundles, and innervate the optic lobe. The RPAs pass 
information generated by photic stimulation of the eye to the central nervous system. 
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The putative postsynaptic waveforms can be detected in certain layers of the cortex. 
Paired pulse tests, frequency depression and the temporal aspects of these slow 
waves all provide evidence for their origins as FPSPs. These slow waves also possess 
a dipole in their polarity with negative deflections being found in superficial layers 
(2b and 3a) and positive in the deeper layers (4b and 5). This dipole could be 
attributable to the existence of excitatory synapses in the regions of the negative 
deflections and the cell bodies of the neurons, which make the synapses present in 
regions where positive deflections can be found. 
Drawing on the extensive neuroanatomical data available about the optic lobe (Cajal, 
1917; Young, 1962b, 1971, 1974; Dilly et al., 1963; Case et al., 1972; Cohen, 1973c; 
Haighihat et al., 1984) the presence of synapses in the region where maximum 
negative putative postsynaptic deflections are found, can be confirmed. The RPAs, 
which proceed through layer 2, terminate in layer 3a of the cortex. Here they show 
pronounced thickenings and presumably synapse with second order visual neurons. 
The identity of these second order visual neurons has been speculated previously 
(Young, 1962b, 1971, 1974) with the large centripetal (CPCs) or classifying cells of 
the IGCL (layer 4) being proposed. However the only ultrastructural evidence that 
has been provided showed that synapses occur between the RP As and the small 
axonless granule cells of layer 2 (the OGCL; Dilly et al., 1963; Case et al., 1972; 
Cohen, 1973c). Undoubtedly the centripetal cells and other cells of layers 4 and 5 
synapse in layer 3, whether this is with the RPAs remains unknown. However the 
dipole that has been demonstrated between the superficial and deeper recorded 
putative postsynaptic elements of the EFPs tends to suggest that neurons located 
within layers 4 and 5 are synapsed with the RPAs which are excitatory in nature. 
This would agree with the speculations by Young (1962b; 1971; 1974) that the 
centripetal cells of the IGCL (layer 4) are responsible for receiving visual input, 
classifying it and passing the information on to the medulla. 
The role of the numerous granule cells in both layers 2 and 4 can only be speculated 
upon, possibly they play a modulatory role on either the presynaptic responses (the 
RP As), the postsynaptic responses (the CPCs) or even both. 
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Experiments were carried ollt to establish if:the individual optic nerve bundle was a 
I 
discrete unit with physiological connections with neighbouring optic nerve bundles. 
it is possible that the stimulation of an optic nerve affected the response evoked by 
stimulating an adjacent nerve. If this was the case, and each optic nerve was a 
different pathway which physiologically affected other pathways then the EFPs 
recorded when both nerves were stimulated would elucidate this. A phenomenon 
such as lateral inhibition of one optic nerve upon its neighbour is one such 
relationship that could possibly be revealed by these experiments. No relationships 
were, however, revealed by these brief experiments. A simple increase in the 
amplitude of responses were seen, this was due to the summation of the two EFPs to 
produce a single larger response. It is unlikely that the optic nerves are functionally 
important on their own, what is more likely is that they are simply a mechanism for 
the accurate inversion of the retinal image upon the optic lobe. Also lateral 
inhibition, if it exists in the cephalopod visual system, is much more likely to be 
exhibited (and detected) at the individual neuronal level. 
To further interpret the information already obtained about the resultant electrical 
activity in the optic lobe slice after orthodromic stimulation of the optic nerve further 
studies are required. The nature of the pre- and postsynaptic elements of the EFPs 
recorded from different layers has been suggested by a number of tests (paired pulse, 
frequency inhibition etc.), but to confirm their identity extracellulcu· ionic 
manipulation .experiments are required. 
The identity of the neurotransmitter at the first synapse in the visual pathway has also 
to be determined if its physiology is to be understood. Presently the transmitter is 
though to be acetylcholine and excitatory in nature, using specific cholinergic 
antagonists this can be confirmed. 
Although the dipole that is evident in putative postsynaptic elements of the EFPS 
between superficial and deeper layers of the slice provides some evidence for the 
location of current sources and sinks a one dimensional current source density 
analysis in conjunction with mapping of extracellular potentials should generate 
much more accurate data that can localise, both spatially and temporally the current 
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sources and sinks involved in the generation of EFPs. These three problems will be 
addressed in further chapters of this study. 
J 
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CHAPTER 4: EFFECTS OF ALTERATIONS IN EXTRACELLULAR 
IONIC CONCENTRATION ON THE OPTIC LOBE EVOKED FIELD 
POTENTIAL 
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4.1. INTRODUCTION 
One of the fundamental aspects of analysing extracellular evoked field potential data 
is the separation and characterisation of pre- and postsynaptic components from the 
resultant waveform following afferent stimulation. Understanding which 
components of the response are attributable to the presynaptic fibre volley, 
associated with afferent activity, and which are caused by neurotransmitter release 
from presynaptic terminals - and the subsequent postsynaptic excitation - is of 
paramount importance in understanding evoked field potential data. The previous 
chapter provided circumstantial evidence, in the form of temporal aspects of the 
responses and fatigue of putative postsynaptic components after high frequency 
stimulation, about the origin of the different components of the evoked field 
potentials recorded in the optic lobe slice. Although this evidence gives a strong 
indication of which of the evoked field potentials components are pre- and 
postsynaptic in the different layers of the optic lobe slice after orthodromic 
stimulation of a single optic nerve bundle, the separation of the components is not 
conclusive. 
Previously, different ionic manipulations have been attempted to separate the pre-
and postsynaptic components of EFPs and to block intracellularly and extracellularly 
recorded evoked postsynaptic potentials (Henderson, 1988). A simple technique 
often used to separate pre- and postsynaptic components is to add Co2+ to the 
extracellular bathing medium. This has worked effectively to abolish optically 
recorded putative postsynaptic components recorded by observing changes in voltage 
sensitive dye signals from an octopus OLS preparation (Williamson et al., 1993). 
Another method of abolishing postsynaptic responses is to raise the extracellular 
magnesium concentration ([Mg2+], .. ,), also simultaneously raising [Mg2+]w and 
reducing extracellular calcium concentration ([Ca2+], .. 1) has been shown to abolish 
postsynaptic responses. 
The addition of Co2+ and Mg2+ as well as the removal of Ca2+ from the extracellular 
medium blocks postsynaptic responses because: 
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• Co2+ compete for presynaptic voltage sensitive calcium channels. 
• Mg2+ also competes for the presynaptic calcium channels. 
• Removal of Ca2+ from the extracellular medium prevents (or reduces) 
neurotransmitter release from the presynaptic terminal. 
A non-selective block of synaptic transmission at all synapses in the CNS can be 
achieved by removing (or reducing) the extracellular Ca2+ (Henderson, 1993). This 
technique has been used to separate pre- and postsynaptic EFP components (Manis, 
1989; Sandeman & Sandeman, 1998) and to abolish postsynaptic responses. 
Reducing the [Ca2+]exr can, however, affect membrane stability. Variations in 
[Ca2+],_., can, therefore, have a variety of complex effects on slice behaviour (Reid et 
al., 1988; Henderson, 1993). 
The perfusion of medium over a CNS slice preparation (vertebrate or invertebrate) is 
specifically designed to simulate the in vivo environment of the neurons, in vitro. 
Neuronal electrical activity is based upon the electrochemical gradients across the 
cell membrane of ions such as Na+ and K+. Synaptic transmission is also extremely 
dependent upon the extracellular ionic composition, particularly of the 
concentrations of Ca2+ and Mg2+. It is important, therefore, to provide the slice with 
a bathing medium comparable to the extracellular fluid that bathes the neurons in 
vivo. Vertebrate, particularly, mammalian brain slice preparations, are routinely 
perfused with solutions known as artificial cerebrospinal fluid (ACSF). ACSF is 
based upon the ionic composition of cerebrospinal fluid (CSF) but with slight 
differences in the concentrations of some important ions (see table 4.1 & 4.2.). Since 
the early use of brain slice preparations, differences have occurred between the 
composition of ACSF from preparation to preparation and from laboratory to 
laboratory (see table 4.2). Generally, ACSF differs from CSF in a number of ways, 
most significantly the extracellular concentrations of Ca2+, Mg2+ and K+ are different 
in ACSF than CSF. These ions exe1t profound influences on neuronal and synaptic 
behaviour, therefore these differences may be important. 
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Classically, cephalopod in vitro neuronal populations have been bathed in solutions 
known as artificial seawater (ASW). ASW solutions are made to approximately the 
same concentrations of the major ions (Na+, K+, Ml+ and ci+) that occur in normal 
seawater. Typically ASW is buffered (usually MOPS, TRIS or HEPES), and in 
some cases glucose is also added. The reason for the use of solutions, bearing strong 
resemblance to the ionic composition of seawater is that the haemolymph of 
cephalopods, due to their osmoregulatory physiology, is close to the ionic 
composition of seawater. Tables 4.3 & 4.4 show the composition of cephalopod 
body fluids and the composition of ASW solutions used in some investigations of 
both peripheral and central nervous system preparations. There is a paucity of data 
on the effects of alterations of ionic composition on cephalopod central nervous 
system electrophysiology. A study on the squid posterior chromatophore lobe 
(Glanfield, 1997) used extracellular and intracellular techniques to formulate an 
ASW solution that would best aid slice viability and produce a more "active" slice 
(see table 4.4) using squid (Loligo Jorbesii, Alloteuthis subulata) CNS preparations. 
Magnesium is an important extracellular ion and has a significant effect on both pre-
and postsynaptic responses. Low [Mg2+]exr has been shown to cause large 
spontaneous depolarisations in neocortex neurons (Thomson, 1986) and induce burst 
firing in hippocampal slice cells (Herron et al., 1986). Also Alger et al. (1989) 
suggested that the stabilising effect of divalent cations (eg. Mg2+) on excitable 
membranes may well raise action potential thresholds in slice neurons. Inorganic 
cations, such as Mg2+, have also been shown to influence neurotransmitter release 
from the presynaptic terminal. [Mg2+],_.., in mammalian CSF is usually between the 
range of 0.79 and 1.47mM (see table 5.1). In ACSF the [Mg2+],_.., are routinely set in 
the range of 1.30 and 2.00 mM. The concentration of Mg2+ in ACSF is higher than in 
CSF. However, in cephalopods the [Mg2+]._.., in ASW solutions used routinely as 
physiological saline for cephalopod neuronal preparations, is comparable to the 
[Mg2+] ex1 reported for the ionic composition of cephalopod body fluids (see tables 
4.3 and 4.4). 
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Table 4.1. Composition of vertebrate CSF (in mM) for selected species (taken from Alger et al., 1989). 
pH 0 molarity 
(mO m) 
Reference 
Cat L58 2.69-3.28 1.33-1.47 L.50-1.67 L8.3-25.66 3.68 3 L4.8 a,b,d 
Rabbit L49 2.90 0.87 1.24 22.0 5.35 7.27 305.2 d 
Dog 149-152 2.95-4.l0 0.79-0.80 1.00-1.60 25.8 4. L5 7.42 304.4-305.2 b,d,f,i,l 
Human 139-147 2.82-2.84 0.97-1.12 1.14-1.32 23.3 3.30 7.3 1 289 c,e,g,h,j,k 
• a, Ames er al., 1964; b, Bito & Davson, 1966; c, Bradley & Semple, 1962; d, Davson, 1967; e, Fremont-Smith et al., 1931; f, Friedman et al., 1963; g, Hendry, 1962; h, 
Hunter & Smith, 1960; i, Kemeny er al., 1961 ; j, Salminen & Luomanmaki , 1962; k, McGale et al., 1977; I, Oppelt et al., 1963. 
b Calculated rather than measured. 
Table 4.2. Composition of ACSF (in mM) used for some brain slice preparations 
Specie Na+ K+ Mg2+ Ca2+ HC03- Glucose pH Osmolarity Structure Reference 
(mOsm) 
Rat 150-152 3.5-6.2 1.3-2.4 1.5-2.5 24.0-26.0c 4-10 302-3 11 Hippocampus a,b,c,d,e,f,g 
Rat 124 5.00 1.30 2.60 26.0 10.0 7.40 Medulla h 
Guinea pig 143-150 5.4-6.2 1.3-2.0 2.0-2.5 26.0-26.2c 10-11 294-307 Hippocampus L,J 
Guinea pig 150 6.4 1.3 2.5 26.0c 10.0 304 Neostriatum k 
Guinea pig 151 5.00 2.00 2.00 26.0c 10.0 307 Neocortex 1 
Cat 124 5.00 3.00 1.00 26.0 10.0 Visual cortex m 
Mou e 118 4.40 1.20 2.60 25.0 12.00 7.30 S. niara n 
a, Brown et al 1979; b, Dingledine, 1981; c, Dunwiddie & Lynch, 1979; d, Lee et al., 1981; e, Lipton & Whittingham, 1979; f, Segal, 1981; g, Yamamato, 1973: h, Kobayashi 
& Murakami. 1982; i, Alger & Nicoll , 1980; j , Schwartzkroin, 1975; k, Lightha ll et al. , 198 I : I, Gutnick & Prince, 1981; m, Kato & Ogawa, 198 1; n, Delanoy et al. , 1982. 
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Table 4.3. Ionic composition of cephalopod bodyjluids (in mM). 
Species Na+ K+ Mg2+ Ca2+ Buffer 
O.doeflini 371 10.3 8.2 
L. pealei 392.2 11.7 4S.9 10.4 
S. officianalis 46S 21.9 S7.7 11.6 
L. jorbesii 419 20.6 S 1.6 11.3 
E. cirrosa 432 14.4 S4.2 11.2 
L. pealei 423 9 48.4 9.27 
G lucose pH 0 molarity 
(mO m) 
a, Potts & Todd ( 1965); b, Shoukimas er al., (1977); c, Robertson ( 1939); d, Steele & Gilbert ( 1980); e, Glanfield ( 1997), f, 
posterior chromatophore lobe, anterior lateral pedal lobe. 
Body fluid Reference 
Blood a 
Haemolymph b 
Pia ma c 
Pia ma c 
Pla ma c 
Haemolymph d 
Table 4.4. Composition of cephalopod body fluids and ASW solutions (in mM) used as physiological salines for in vitro cephalopod neuronal 
preparations respectively. 
Species Na+ Buffer 
L. pealii 423 10 so 10 10 
Squid 430 10 so 10 10 
Squid 423 10 so 10 10 
L. brevis 340 10 3S 10 10 
D. bleekei 470 10 ss 11 10 
Squid 430 8.0 so 10 20 
Octopus 470 10 ss 11 10 
E. cirrosa 430 10 50 10 10 
Glucose pH 
S.6 7.8 
7.4 
S.6 7.8 
10 7.4 
10 7.6 
10 7.6 
10 7.6 
10 7.6 
0 molarity 
(mO m) 
980-1020 
969 
980-1020 
Preparation Reference 
RP a 
Giant axon b 
Retina c 
Motomeurones d 
Optic lobe e 
PCL f 
ALPL g 
Optic lobe h 
a, Pinto & Brown ( 1977); b, Hodgkin & Huxley, 1952a; c. Duncan & Week ( 1973); d, Petty & Lucerro (1999); e, Williamson et al., (1993); f, Glanfield (1997); g, 
Williamson & Budelmann (1991); h, this study. 
RPs, retinal photoreceptors; PCL, posterior chromatophore lobe; ALPL, anerior lateral pedal lobe 
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Calcium ions are important in a number of presynaptic and postsynaptic mechanisms 
that help regulate neuronal behaviour. Alterations in [Ca2+]ex1 may therefore have 
profound effects on slice electrophysiology. Ca2+, being a divalent cation, has a 
stabilising effect on excitable membranes. Perfusion with CSFs of reduced [Ca2+]ex1 
(0.75 and 0.2mM respectively) have been shown to induce spontaneou activity in 
hypothalamic (Pittman et al., 1981 ) and hippocampal (Jeffrys & Haas, 1982) slice 
preparations. Perhaps more importantly synaptic transmission is very sensi tive to 
[Ci+]u 1 fluctuations (Hackett, 1976; Dingled ine & Somjen, 1980; Richards & 
Sercombe, I 970). Presynaptic fibre volleys are generally insensitive to fluctuations 
in [Ca2+]w a Ca2+ is not usually involved in AP propagation. [Ca2+]exr is u ually 
found in higher concentrations in ACSF than in CSF and in CSF is generally in the 
range from L.OO to L.67mM whilst in ACSF u ed in studies with the same pecies are 
between 1.50 and 2 .60mM. These higher concentrations are probably u ed to 
produce a mo re ac tive slice as the increase [Ca2+]w may enhance synaptic 
transmission . 
The potassium 10n dominates the neuronal membrane resting potential, any 
alterations in the [K+]w may therefore have profound effects on lice 
electrophysiology. Normal CSF [K+]e:rr is approximately 3mM ( ee table 4 .1) yet 
typical values of ACSF [K+]exr are approximately 5-6mM (see table 4.2). This 
increase is designed to overcome deafferentation and produce a more "active" slice 
(Reid et al., 1988). Electrophysiologically this rise in [K+]w can exert a number of 
influences. Depolarisation of cells and a subsequent increase in the evoked 
popu lation pike has been seen by raising the ACSF [K+]exr from 3 to 6mM 
(Scholfield , 1978; Voskuyl and ter Keurs, 1981). Also changes in population spike 
and synaptic potential amplitudes in hippocampal slices with altered [KJexr have 
been reported (Lipton & Whittington, 1979; Hablitz & Lundervold, 1981; King & 
Somjen, 198 1 ). CSF K+ concentrations are usually set in the range of 2.69 and 
4.10mM, whilst ACSF K+ concentrations are routinely found between 4.40 and 
6.20m.M (see tables 4 .3 and 4.4) . The concentration of K + cepha1opod body fluids 
ha been documented as high as 20.6mM (Robertson, 1965), this level has, however, 
been reported as too high by further studies (Potts & Todd, 1965; Shoukimas et al. , 
1977; Steele & Gilbert, 1980; Glanfield, 1997) who al l reported concentrations of 
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between 9 and 14.4mM for a number of species. Physiological salines used m 
cephalopod neuronal preparations have routinely had K+ concentrations of lOm.M. 
It is clear that the ions Ca2+ , Mg2+ and K+ all exert major influences on neuronal 
physiology and their extracellular concentrations are impm1ant in the use of slice 
preparations of CNS tissue. By controlling the extracellular concentrations of these 
major ions some aspects of the physiology of the synapse can be understood. The 
aims of this part of the work are to evaluate the influences that [Ca2+]ext. [Mg2+]w and 
[K+]ext have on the presynaptic fibre volley and the postsynaptic potentials that occur 
after orthodrorrUc stimulation of a single optic nerve. The information obtained from 
these experiments will be used to help explain the underlying electrophysiology of 
the first synapse in the cephalopod visual system. Also the data will provide 
evidence to suggest improvements in the physiological saline used for perfusing 
octopus optic lobe s lice preparations. 
The aims of this part of the study are to evaluate the use of changes in the 
extracellular ionic composition to conclusively separate the pre- and postsynaptic 
components of the OLS EFP. After a suitable manipulation protocol is devised this 
can then be used to characterise the nature of the different components from all 
layers of the OLS following orthodromic stimulation of a single optic nerve bundle. 
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4.2. MATERIALS AND METHODS 
4.2.1. Separation of pre- and postsynaptic components 
Octopus optic lobe s lices were prepared as in section 3.2.2., stimulating and 
recording protocol also fo llowed those used in section 3.2.3. Physiological saline 
(ASW) was perfu ed through the recording chamber, over the OLS preparation, by a 
gravity fed pump. Four yrioges (lxl00m1, 3x50ml) were attached to the inside of 
the Faraday cage as high up as was possible. General-purpose laboratory tubing 
(Tygon, inner diameter 4mm) connected the syringes to four three-way stopcocks 
that were aJl interconnected (see fig.4.1). One end of the stopcock arrangement was 
attached directly to the inlet valve of the microincubater with as smaJl a piece of 
tubing as possible, the other end to a waste reservoir. With this perfusion set up a 
flow rate of 1 -2mlmin-1 into the recording chamber could be maintained. The 
topcock arrangement aJlowed for the rapid changing of olutions from normal ASW 
(in the 1 OOmJ syringe) to any one of three experimental solutions (from the three 
50ml syringe ). Complete change over of the solution in the recording chamber took 
approximately 40s. Perfusion with normaJ ASW could be re-e tablished by turning 
one of the stopcock valves. 
ln an attempt to separate the presynaptic fibre volley from the postsynaptic field 
postsynaptic potentials extracellular perfusion solutions with altered inorganic 
compositions were prepared, the aJtered ionic concentrations were designed to 
abolish postsynaptic responses but leave presynaptic responses unchanged. The 
following solutions were perfused; ASW with Co2+ added (1 , 2, 3, 4, 5, 6, 7 and 
8mM), elevated Mg2+/reduced Ca2+ ASW and reduced/free Ca2+ ASW solutions. 
Solutions wi th elevated Mg2+ concentrations had their Na+ concentrations reduced to 
keep the osmolarity between 980-1020m0sm. A baseline response was obtained in 
which the amplitude of the different components did not change, this usuaJly took 
approximately 5 minutes. After this period input-output curve data was generated 
(see section 3.2.6). The test physiological saline was then perfused until the effect on 
the response amplitude had stabilised (usuaJly within 20mins). Further l/0 data was 
then obtained. The slice was then washed with ASW for 20 mins before obtaining a 
new et of l/0 data. 
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4.2.2. Effects of altering extracellular ionic composition 
To test the effects of altering the concentrations of the three important ions, Ca2+ , K+ 
and Mg2+, solutions with increased or decreased concentrations were perfused over 
optic lobe slices. This was attempted in order to understand how these ions affect 
presynaptic activity as well as synaptic transmission efficacy with a view to further 
understanding the physiology of the system. Also this information could help in the 
production of an ASW capable of producing a more active slice. 
ASW solutions with altered inorganic ion compositions were made. These salines 
had reduced or increased levels of CaC12, KCl and MgCb. Osmolarity was 
maintained at the normal ASW level (980-1020mosm, as determined with a vapour 
pressure osmometer) by the addition of sucrose or the removal of sodium (the small 
reductions in sodium concentration had a negligible effect upon the EFP). 
Experimental ASW solutions had calcium levels between 0 and 20mM, potassium 
levels between 10 and 30mM and magnesium levels ranging between 5 and lOOmM. 
Data were obtained following the same protocol as used to separate pre- and 
postsynaptic components (sectjon 4.2. 1 ). 
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OXYGEN IN>----, 
Airstone 
3-way stopcocks (to 
allow priming) 
To MI and 
recording chamber 
0 
0 
0 
0 
1 OOml normal ASW 
0 
0 
0 
0 
3-way stopcock 
50ml experimental 
ASW reservoir 
To waste 
reservorr 
Figure 4.1. Diagrammatic representation of the perfusion setup used to change rapidly the 
extracellular solution during ionic substitution and pharmacological experiments. ASW is 
held in a large (lOOml) syringe, oxygenated and continuously perfused to the 
microincubator and consequently the recording chamber. During the perfusion of 
experimental ASW the stopcocks are arranged so that ASW from the either of the three 
50m1 syringes can rapidly reach the recording chamber. When the perfusate was changed 
the air stone was washed and placed into the new syringe. 
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4.3. RESULTS 
4.3.1. Separation ofpre- and postsynaptic components 
A number of different extracellular ionic manipulations were employed in order to 
identify conclusively which components of the EFPs recorded from the different 
layers of the OLS after orthodromic stimulation of a single optic nerve were pre- and 
postsynaptic in origin. To determine which ionic manipulations had the most 
desirable effects (i.e. abolished putative postsynaptic components whilst leaving 
putative presynaptic components unchanged) the layer 3a EFPs were recorded and 
the test ASW solutions perfused for up to 20 rnins, before new recordings were 
taken. Also input-output curve data was generated to see if the altered ASW 
composition was affecting presynaptic and/or postsynaptic activity. 
Initially, the addition of Co2+ to the extracellular solution at various concentrations (1 
to 8mM) was performed. Figures 4.2 & 4.3 demonstrate the effect of increasing the 
extracellular Co2+ concentration ([Co2+]w ) in the perfusion medium on the layer 3a 
EFP. Increasing [Co21ex1 caused a correlated reduction in the amplitude of the 
photoreceptor fibre volley (PFV) as well as a small increase in the peak latency (see 
fig.5.2.). Increasing [Co2+]w also reduced the putative postsynaptic components at 
low concentrations (l-4mM) and abolished it at higher concentrations (6-8mM). The 
peak latency of the FPSP was also increased with elevated [Co2+] e..~·t· The 
input/output curves generated during Co2+ perfusion experiments indicate that the 
abolishment of the putative postsynaptic components was not only due to the 
decreased amplitude of the PFV but to the separate action of the Co2+ on the 
postsynaptic response (see fig. 4.3.). As the addition of Co2+ to the extracellular 
solution affected both the amplitude and latency of the fibre volley as well as the 
FPSP amplitude it was decided to seek alternative methods of selectively abolishing 
the postsynaptic component. 
Next, ASW solutions with reduced extracellular calcium concentration ([Ca2+]e.n) and 
increased extracellular magnesium concentration ([Mg2+]w ), were employed. Figure 
4.4 demonstrates that elevating the [Mg2+]ex1 and reducing the [Ca2+]ex1 caused a 
complete abolishment of the putative postsynaptic components but also caused a 
reduction in the amplitude of the PFV. Again input/output curves indicate that the 
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raised [Mg2+]w and reduced [Ca2+]exr were affecting the postsynaptic components 
independently of their affect on the PFV (fig. 5.4D). A before therefore, the 
alte ration in the PFV with perfusion of high Mg2+/low Ca2+ ASW prevented its use a 
a means of conclusively separating pre- and post ynaptic component of the EFP. 
Next, perfusion with calcium free artificial seawater (CFASW) was tested as a 
procedure to separate pre- and postsynaptic components of the OLS EFPs. In this 
case, removal of Ca2+ from the perfusion medium effectively abolished the 
postsynaptic components whilst leaving the peak latency and amplitude of the PFV 
unaltered. Table 4.3 summarises the affects of the perfusions with diffe rent ASW 
solutions on the pre- and postsynaptic component of the OLS EFP. 
Table 4.5. Effects of alterations of some extracellular ionic concentrations upon the 
EFP recorded from Layer 3. 
Ion Cone" Effect upon the Putative FV 
(mM) (P1 3a- Nl 3a) 
Co2+" Slight reduction in amplitude I 
slight increase in peak latency 
2 Further reduction in amplitude I 
increase in peak latency 
3 Further reduction in amplitude I 
increase in peak latency 
4 Further reduction in amplitude I 
increase in peak latency 
6 Further reduction in amplitude I 
increase in peak latency 
8 Further reduction in amplitude I 
Mg2+/Ca2+h 120/2 
increase in peak latency 
Reduction in amplitude 
100/2 Reduction in amplitude 
80/2 Reduction in amplitude 
Ca2+ 0 Small reduction in Amplitude 
0.5 No effect 
No effect 
" Normal extracellular Co2+ concentration i OmM 
Effect upon the putative 
FEPSP (N33a) 
Slight reduction in amplitude/ 
increase in peak latency 
Reduction in amplitude I 
increase in peak latency 
Reduction in amplitude I 
increase in peak latency 
Reduction in amplitude I 
increase in peak latency 
Complete abolishment I 
increase in peak latency 
Complete abolishment I 
increase in peak latency 
Complete abolishment 
Complete abolishment 
Complete abolishment 
Complete aboli hment 
Complete abolishment 
Nearly abolished 
h ormal extracellular Mg2+ and Ca2+ concentration are 50 and I OmM respective) y. 
Figure 4.5 shows that removing ex tracellular Ca2+ from the perfusion media leaves 
the biphasic EFP, recorded in layer I of the OLS, unaltered. The am plitude of e ither 
of the two components and the total amplitude of the FV is unaffected by the lack of 
Ca2+. This indicates that this EFP is entirely presynaptic in origin . The P 11-N 11 
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complex is undoubtedly the presynaptic compound action potential associated with 
retinal photoreceptor axon activation. 
EFPs recorded from layer 2a of the OLS are triphasic and are presumed to be 
presynaptic in origin. The different components of the layer 2a EFP are unaltered by 
CFASW perfusion (see fig. 4 .6). The PFV (as measured P h a-Nh1-P2za) remains 
relatively consistent in amplitude with CFASW and with normal ASW (fig.4.7.C.). 
Figure 4 .7 demonstrates the effects of CFASW perfusion on the layer 2b EFP. The 
putative presynaptic components (P 12b, NI zb and P22b) are relatively unaffected (fig. 
4.7A). Also the total amplitude of the PFV is unal tered by Ca2+ removal (fig 4.7 B). 
The components considered as being postsynaptic in origin (N22b, N3zb, N4zb and 
N52b) are all completely abolished by CFASW perfusion (fig.4.7A.). I/0 curves 
(fi g.4.7C) indicate that this abolishment is not via a reduction in the PFV causing a 
concomitant decrease in FPSP amplitude. It can be concluded that the P ha-N 12a-
P22a and Pl2b-N l 2b-P22b complexes are presynaptic in origin and attributable to 
retinal photoreceptor axon activation. No other components make up the layer 2a 
EFP but the N22b, N32b and N42b components of the layer 2b EFP are caused by 
release of neurotransmitter from the retinal photoreceptor axonal terminations. 
CFASW perfusion has little effect upon the amplitude of the postulated components 
of the PFV (P l :~a-N 133) of the layer 3a EFP and no effect on the total amplitude of the 
PFV (fi g.4.8A&B). The putative postsynaptic components (N23a, N33a and N43a) are 
all virtually abolished (fig.4.8A) and I/0 curves (fig.4.8C) indicate that the 
abolishment of these components is again independent of any action that CFASW 
perfusion may have on the PFV amplitude. As for the layer 3a EFP , the effects of 
the perfusion of CFASW on the layer 3b EFP are comparable. The putative 
presynaptic components P 13b and N 13b were little altered by CFASW perfusion (fi g. 
4.9A), also the total amplitude of the PFV was not alte red by removal of Ca2+ from 
the extracellular perfusion medium (fi g. 4 .98). The putative postsynaptic FPSP 
(N33b) wa complete ly abolished by CFASW perfusion (fig. 4.9A). This reduc tion 
was again independent of any effects of the removal of Ca2+ on the PFV ampli.tude. 
To summarise, perfusion of CFASW causes no reduction in the ampli tude of the 
PFV. The amplitudes of the individual components of the PFV are however slightly 
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altered. The PFV is biphasic in layer 1, triphasic in layer 2 and biphasic in layers 3, 
4 and 5. All of the component suggested as being postsynaptic in origin were 
abolished by CFASW perfusion. Layers 2b, 3a and 3b have negative deflection that 
were attributed to po tsynaptic activity, these were all aboli hed by the removal of 
extracellular Ca2+. Layer 4a EFPs have no deflections that are thought to be 
postsynaptic in origin. The positive deflections attributed to postsynaptic activity in 
layer 4b and 5 EFPs were completely aboli hed by the perfusion of CFASW. 
158 
(A) --ASW _j~ (C) 12 -- lmMCo2+ 
-- 2mMCo2+ 10 
- - 3mMCo2+ lmS ,..... > 
-- 4mM Co2+ E 
'-' 8 • 
-- 6mM Co2+ Ill "'0 
-- 8mM Co2+ .~ 
c. 6 E 
"' 
..!<: 
"' 
_j Ill Q.. 4 
2 
(B) 
0 
0 2 3 4 5 6 7 8 
(D) 25 
20 
,..... 
r/} 
E 
'-' 
>. 
0 
c:: 15 
_j Ill ] ~ 
"' Ill Q.. 
10 
• _j~ • • • • 
• 5 • 
SmS 
0 2 3 4 5 6 7 8 
[Co2+]ext (mM) 
Figure 4.2. Effects of the addition of Co2+ to the extracellular solution on the layer 3a EFP. (A) Short duration recordings showing the effects 
of increasing [Co2+]ex1 on the PFV. (B) Long duration recordings showing the effects of increasing [Co2l ex1 on the FPSP. (C-D) Effects of 
increasing [Co2l ex1 on the peak amplitude and peak latency (respectively) on the different components of the EFP. Increasing [Co2l ex1 
decreases the amplitude of the different components and increases their peak latencies; black, Pha; red, Nba; blue, N33a (FPSP). The increases 
in peak latencies of the PFV components are marginal. 159 
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Figure 4.3. Input-output curves demonstrating the effects of the addition of Co2+ to the 
extracellular medium on the layer 3a EFP. (A) Effects on the photoreceptor fibre volley. 
(B) Effects on the putative FPSP (N333). There is an incremental decrease in the amplitude 
of the PFV with increased Co2+ addition. With a 20 min ASW wash the PFV increases 
though not to its original value. Although there is a reduction in the amplitude of the PFV 
with Co2+ addition this is not enough to account for the reduction in the FPSP amplitude. 
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Figure 4.4. Input-output curves demonstrating the effects of elevating extracellular 
magnesium and reducing extracellular calcium concentrations on the layer 3a EFP. (A) Pha 
component. (B) Nha component. (C) PFV (P1 3a-NlJa)· (D) FPSP (N3Ja). The perfusion of 
high Mg2+/low Ca2+ ASW reduced the components and the total amplitude of the PFV, with 
wash the amplitudes return to their original values. The FPSP is completely abolished, 
independently of the reduction of the PFV. Black, control (1 OrnM ci +, 50 mM Mg2), blue 
20 mins high Mg2+/low Ca2+ (lOOmM Mg2+/2rnM Ca2} , red 20 mins ASW wash. 
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Figure 4.5. Separation of pre- and postsynaptic components of the layer 1 EFP. EFPs recorded from layer 1 of an octopus OLS after orthodromic 
stimulation of a single optic nerve. (A) Control, upper trace; 20 mins CF ASW perfusion, middle trace, 20 mins ASW wash, lower trace. (B) 
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Figure 4.6. Separation of pre- and postsynaptic components of the layer 2a EFP. EFPs recorded from layer 2a of an octopus OLS after 
orthodromic stimulation of a single optic nerve. (A) Control, upper trace; 20 mins CFASW perfusion, middle trace, 20 mins ASW wash, 
lower trace. (B) Input-output curves show lack of effect of CF ASW perfusion on the amplitude of the PFV (Pl2a, Nba and P22a). (C) Input-
output curves showing that CFASW perfusion has no effect on the PFV amplitude. 163 
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4.3.2. Extracellular ionic alterations 
The extracellular concentrations of Ca2+, Mg2+ and rare all important in regulating 
presynaptic and postsynaptic activity. In order to understand the physiology of the 
fi rst synapse in the cephalopod visual system, between the presynaptic retinal 
photoreceptor axon terminations and the second order visual neurons, the external 
concentrations of the major ions was altered. As well as providing an insight into the 
physiology of this system these experiments also provided information about 
improving the extracellular perfusion medium. 
The EFP recorded from layer 3a, after the orthodromic stimulation of a single optic 
nerve was used to elucidate the effects of extracellular ionic changes upon the 
amplitude of the different pre- and postsynaptic components. This response was 
chosen as it has been demonstrated anatomically that this region contains the first 
synapse in the visual pathway, and electrophysiologically that the majority of the 
current generated by synaptic transmission is localised here (see chapter 3). The 
layer 3a EFP comprises of two presynaptic components (P 13a and N 13a) that forms 
the PFV and the FPSP (N33a). The total amplitude of the PFV was measured from 
the first positive peak (P 13a) to the ftrst negative component (N h a). The FPSP 
amplitude was measured as in figure 3.6A. 
4.3.2.1. Effects of extracellular calcium. alterations on the EFP 
Fig 4.11 shows the effects of the perfusion of CFASW on the different components 
of the layer 3a EFP. The removal of Ca2+ from the extracellular medium causes a 
reversible inc rease in the amplitude of the presynaptic P l 3a component. With the re-
addition of Ca2+ to the perfusion solution, back to the original lOmM level, the 
amplitude of the P 13a component returns to its original value (see fig 4.11A). The 
change in amplitude with CFASW perfusion can be seen by the upwards shift in the 
fJO curve. The amplitude of the presynaptic N 13a component reduces with the 
removal of Ca2+ from the extracellular medium. With the subsequent addition of the 
Ca2+ (back to lOmM) the amplitude of the N 13a component increases, though not to 
the original levels. This can be seen by the downwards shift in the 1/0 curve with 
CFASW perfusion (see fig. 4.118) . The total amplitude of the PFV however, does 
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not change much. With the return of the [Ca2+] exr to lOmM the amplitude returns to 
its original value, this can be seen by the slight upwards shift in the I/0 curve with 
CFASW perfu sion (see fi g 4. 11 C). Figure 4. 1 LD shows the effects of changing 
[Ca2+]w to lOmM f rom Om.M on the field postsynaptic potential (FPSP) I/0 curves. 
The downwards shift of the I/0 curve (nearly to zero) with CFASW perfu ion shows 
that the postsynaptic components are virtually abolished with CFASW perfusion. 
With Ca2+ removal the amplitude of the FPSP, for the same PFV amplitude, i 
greatl y depre ed . With this preparation there was sti ll some FPSP activity with 
CFASW perfusion. This is probably due to some residual Ca2+ be ing present in the 
slice. 
Fig 4. 12 shows how the amplitude of the PFV and the FPSP (N333) are affected by 
the perfusion of ASW solutions with di fferent Ca2+ concentration . There i no 
di fference in the FPSP amplitude with perfusion of 8mM Ca2+ ASW from the 
ba e line amplitude (i.e. wi th 10mM Ca2+). However, when perfu ion of 6mM Ca:!+ 
ASW i begun, there is a gradual reduction in the FPSP amplitude until it plateaus 
out at a new level. With each reduction in extracellular Ca2+ there is a further 
reduction in FPSP amplitude befo re the response amplitude plateaus to it new level. 
There is still some FPSP activity with OmM Ca2+; this is probably due to residual 
Ca2+ being present in the slice. When the perfusion medium is switched back to 
I OmM Ca2+ ASW there is a rapid increase in the FPSP ampLitude until it reaches its 
baseline value. Throughout this perfusion with incrementally reduced Ca2+ 
concentrations, the PFV remained unaltered. 
Figure 4. 13A show how the gradua l reduction 111 the [Ca2+]exr affects the EFP 
recorded fro m layer 3a. The ampli tude of the PFV is relatively unaffected by 
CFASW perfusion (al so see fig.4. 12A). The post ynaptic components (N23a, N33a 
and N43a) are all reduced for [Ca2+lws below 8mM . For concentrations of OmM the 
FPSPs were completely abolished. The amplitude of the FPSP (N33a) is related to 
the [Ca2+]w in a do e-dependent manner (see fig. 4.138 ). Figure 4 .138 also bows 
that the amplitude of the PFV is not affected by the external Ca2+ concentration. 
Figure 4. 138 shows the effects of reduc ing extracellular Ca2+ on the I/0 curve for 
the amplitudes of the diffe rent components of the layer 3a EFP. The I/0 curve for 
PFV amplitude are all marginally altered by perfusion of ASW sol.utions with 
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reduced Ca2+ concentrations. These alterations m the PFV amplitude are very 
marginal and do not appear to be related to [Ca2+] ext· The FPSPs (N23a. N330 and 
N43a) are not affected by the reductions in [Ca2+]ex1 to 8mM. With subsequent 
reductions in Ca2+ concentrations there is a reduction in FPSPs amplitude for the 
san1e size PFV (fig.4. 14B-D). With perfusion of OmM Ca2+ ASW all FPSPs are 
completely abolished. This indicates that the reductions in FPSP amplitude is not 
related to any alterations that manipulations of the [Ca2+]w has on the PFV. The 
reduction in FPSP amplitude is simply due to the reduction in neurotran mitter 
re lease from the retinal photoreceptor axonal terminations. 
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Figure 4.11. Input-output curves demonstrating the effects of CF ASW perfusion on the 
EFP recorded from layer 3a after orthodromic stimulation of a single optic nerve bundle. 
(A) Pha component. (B) Nl3a component. (C) PFV (Pha-Nba). (D) FPSP (N33a). Not the 
increase in amplitude of the Pl3a component, reduction in amplitude of the Nl3a 
component and the marginal increase in total amplitude of the PFV with CF ASW 
perfusion. Also the FPSP is nearly abolished. 
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Figure 4.14. Effects of reducing [Ca2lext on the layer 2b EFP. EFPs recorded from layer 2b 
of the OLS after orthodromic stimulation of a single RP A bundle. (A) Input-output curves 
demonstrating the effect of extracellular Ca2+ reduction (10, 6, 8, 4, 2 and OmM Ca2+) on 
the PFV. Note the amplitude of the PFV remains unaffected by altered [Ca2lext· (B-C) Input-
output curves demonstrating the effect of Ca2+ reduction upon the FPSPs (N22b, N32b and 
N42b; C-D respectively). Note the lack of effect of small Ca2+ reductions (to 8mM) on the 
FPSPs but subsequent reductions with further reductions. The reductions in FPSP amplitudes 
are independent of the PFV amplitude. 
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4.3.2.2. Effects of extracellular magnesium alterations on the EFP 
Reducing [Mg2+]ex1 (to IOmM) eau es an increase in the amplitude of the different 
components of the layer 3a EFP (fig. 4.15A); returning the [Mg2+]w levels to 50mM 
causes a depression of the components to control amplitudes (fig. 4. 15A). Both pre-
and postsynaptic components are increased by reducing the [Mg2+]w to lOmM. 
Conversely, elevating [Mg2+]ext (to lOOmM) has a depressive effect on the amplitude 
of the EFP components (fig. 4 .158). The PFV is greatly depressed by e levating the 
[Mg2+]w . Also the amplitudes of the FPSPs (N22b and N32b) are greatly diminished 
by perfusion with lOOmM Mg2+ ASW (fig.4.15B). 
Figure 4.16 show the effects of reducing [Mg2+]ext on the I/0 curves generated from 
layer 3a EFP data. Reducing Mg2+ levels to 30, 20 and lOmM causes an upwards 
shift of the I/0 curves for the Pl 3a and N13a components as well as for lhe PFV 
amplitude. This indicates a gre~ter amplitude of component or PFV for the same 
. timulus intensity. Magnesium ions are clearly depressing the PFV components at 
higher concentrations, while reducing the [Mg2+]ex1 causes a subsequent increase in 
the PFV amplitude The lower the [Mg2+]ext. the greater the upwards shift of the I/0 
curve. The I/0 curves for the FPSP amplitude plotted against PFV amplitude 
remam largely unaltered with [Mg2+l ws of 30, 20 and lOmM (see fig.4.16D). The e 
curves are all marginally shi fted downwards from the control I/0 curve. indicating a 
slight decrease in the FPSP amplitude for a given PFV amplitude in reduced Mg2+ 
ASW solutions. 
Figures 4. 17 and 4.18 show the effects of elevating [Mg2+]w on the I/0 curves 
generated from layer 2b EFP data. increasing Mg2+ concentrations caused a 
downwards shift of the I/0 curves generated from layer 2b EFP data. lncrea ing 
Mg2+ concentrations caused a downwards shift of the I/0 curves for all components 
of the PFV and the total amplitude of the PFV (fig. 4.17A-D). This means that for the 
ame stimulus intensity the amplitude of the components and the total amplitude of 
the PFV were reduced. Returning the Mg2+ concentrations to 50mM shifted the I/0 
curves to approximately their original positions. The 110 curves for three d ifferent 
FPSPs (N22b, N32b and N42b) were all shifted downwards with extracellular Mg2+ 
e levation (figs 4.18A-C). This suggests that as well as reducing the FPSP amplitude 
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by a direct reduction of the PFY amplitude the elevated [Mg2+]ext reduces 
neurotransmitter release from presynaptic stores. 
4.3.2.3. Effects of extracellular potassium alterations on the EFP 
Raising the [K+]exr from lOmM to 20mM causes an increase in the amplitude of both 
the PFV and the FPSPs (N23n and N333 ). Raising the concentration to 30rnM reduce 
the PFV and the FPSPs amplitude. Also elevating external K+ concentration to 
30mM increases the peak latency of the FPSP . Figure 4.19A shows the effects of 
rai ing the [K+]w on the layer 3a EFP. With an increase of IOmM [K+]w to 20rnM 
the different components are all increased in amplitude. With a further increase to 
30mM the EFP is drastically altered. Both peak latencies and amplitudes of the 
different components are altered. Figure 4.198 demonstrates how the I/0 curve for 
PFY amplitude are shifted with an increase in the [K+]exr to 20mM and downwards 
for a concentration of 30rnM. Indicating that at 20mM [K+]exr the PFV is increased 
and for an [K+]ext of 30m.M the PFV is depressed. The VO curves for FPSP 
amplitude against PFV amplitude shift upwards for an elevation to 20mM but 
remains the same for the further increase to 30mM. This indicates that at 20m.M 
[K+]exr the increase in the FPSP amplitude is independent of the increase in the PFY 
amplitude. With [K+]exr at 30mM the FPSP I/0 curve is not altered suggesting that 
the relationship between PFV and FPSP is not altered by the further increase. 
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Figure 4.15. Effects of altering [Mg2+]ext upon the layer 2b/3a EFPs from the OLS. (A) Layer 3a EFP, upper trace, control; middle 
trace, 20 rnin perfusion of lOmM Mg2+ ASW; lower trace, 20 min ASW wash. (B) Layer 2b EFP, upper trace, control; middle trace, 20 
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Figure 4.16 Effects of altering [Mg2l ex1 on the layer 3a EFP from the OLS. Input-output 
curves demonstrating the effect of altering extracellular Mg2+ levels (black, control 
50mM; blue, lOmM; green, 20mM; red, 30mM) on the (A) Presynaptic P1 3a component, 
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extracellular Mg2+. 
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Figure 4.17. Effects of increasing extracellular Mg2+ on the presynaptic components of 
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Figure 4.18. Effects of increasing [Mg2lex1 on the postsynaptic components of the layer 
3a EFP. (A-C) Input-output curves demonstrating the effect of increasing [Mg2lex1 from 
50 mM to 1 OOmM on the postsynaptic (N23a, N33a and N43a) components of the layer 3a 
EFP respectively. Black, control; blue, 20 mins in 1 OOmM Mg2+; red, 20 mins ASW wash. 
There is a small downwards shift in the FPSP I/0 curve with [Mg2lex1 of 1 OOmM. It is 
apparent that the FPSP is marginally smaller with 1 OOmM [Mg2lex1 for the same size PFV. 
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increase with a [K+]ex1 of 30mM 
4.4. DISCUSSION 
4.4.1. Separation ofpre• and postsynaptic components 
Understanding which components of an EFP are pre- and which are postsynaptic in 
origin is a fundamental question that must be answered before the physiology of the 
system that generates the EFP can be understood. The previous chapter provided 
good evidence, but not conclusive, evidence towards the identity of the different 
components of the varied EFPs recorded from the different layers of the optic lobe 
slice (OLS). It seems apparent, with consideration to the neuoranatomy of the OLS 
and comparable vertebrate data, that the EFPs possess two main responses. Namely, 
a short latency and duration fibre volley, and a longer latency and duration 
postsynaptic response. The data from the previous chapter agreed with these 
speculations but did not conclusively prove the pre- or postsynaptic identity of the 
different components. The initial part of this chapter considered methods of 
abolishing the postsynaptic components of the EFP (from layers 3b, where putative 
postsynaptic components were greatest) whilst simultaneously leaving the fibre 
volley unaltered. Alterations in extracellular ionic concentrations, which have 
previously been shown to abolish only postsynaptic components of an EFP, were 
attempted. Addition of Co2+ to the perfusate, perfusing with a low C}+/high Mg2+ 
ASW solution and perfusing with a Ca2+ free ASW (CFASW) solution were 
evaluated as methods of abolishing postsynaptic components of the octopus OLS 
EFP. 
Initially addition of Co2+ was attempted. This has been previously used to block 
postsynaptic components (Williamson et al., 1993). When an action potential arrives 
at a nerve terminal and causes depolarisation, the voltage sensitive ci+ channels 
open and allow Ca2+ entry into the terminal. As a consequence of the Ca2+ inOux 
into the nerve terminal, neurotransmitter is released and causes a postsynaptic 
membrane alteration. The extracellular Co2+ competes for the voltage dependent 
Ca2+ channels on the presynaptic nerve terminal. This competition reduces or 
abolishes the inOux of Ca2+ into the nerve terminal and subsequently reduces or 
abolishes Ca2+ dependent neurotransmitter release. Co2+ should not affect the 
conductances involved in AP propagation and should therefore leave the presynaptic 
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fibre volley (the PFV) unaltered. In this study the addition of Co2+ to the 
extracellular medium caused a reduction in both the PFV and the putative 
postsynaptic components. The decrease in field postsynaptic potential (FPSP) 
amplitudes were, however, not entirely correlated to PFV amplitude. A PFV of 
unchanging amplitude resulted in an incrementally smaller FPSP with increasing 
concentrations of the [Co2+]exr. The latency of the PFV was also increased with 
increasing Co2+ concentration. It is clear that the Co2+ addition was reducing 
neurotransmitter release and that the components suggested as being postsynaptic in 
origin were. The Co2+ did appear to have an affect on the presynaptic PFV. It is 
unclear of the mode of action of Co2+ on the ionic conductances involved in 
presynaptic AP propagation. 
Increasing the [Mg2+]exr whilst simultaneously reducing the Ca2+ concentration is a 
method previously used for abolishing postsynaptic responses including FEPSPs and 
EPSPs. The increased concentrations of the inorganic ion Mg2+ operates in a similar 
manner to the Co2+; the Mg2+ competes with Ca2+ for entry through the voltage 
dependent calcium channels in the presynaptic terminal. Along with this competition 
decreasing the extracellular Ca2+ should cause the prevention of Ca2+ entry into the 
presynaptic nerve terminal, thus abolishing presynaptic neurotransmitter release and 
FPSPs. Such a procedure on the layer 3a EFP of the OLS resulted in a complete 
abolishment of the putative postsynaptic components. Although these components 
were abolished, the PFV was also reduced in amplitude. Thus, as seen for the 
addition of Co2+ to the extracellular medium, the reduction in FPSP amplitude was 
not entirely related to PFV amplitude reduction. The low Ca2+/high Mg2+ block was 
probably reducing Ca2+ influx and the subsequent neurotransmitter release, yet it was 
also reducing the putative PFV. 
As a consequence of the inability of either Co2+ or low Ca2+/high Mg2+ to effectively 
abolish the suggested postsynaptic components, whilst leaving the putative 
presynaptic components unaltered, a non-specific block was attempted by perfusing 
an ASW solution with either a very low, or zero Ca2+ concentration. This resulted in 
a complete abolishment of the components suggested as being postsynaptic in origin, 
but left the amplitude of the putative PFV unaltered. The removal of extracellular 
Ca2+ prevents neurotransmitter release. If there is no Ca2+ present, none can enter via 
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the voltage dependent Ca2+ channels that are opened upon nerve terminal 
depolarisation (when an AP arrives). The perfusion of CFASW conclusively 
demonstrated the identity of the different components of the EFPs recorded from the 
different layers of the OLS. The amplitude of the PFV was unaltered by the 
perfusion of CFASW while the components attributed to FPSPs were completely 
abolished. The identity of these components, as shown by the abolishment with 
CFASW, corroborates well with the evidence provided in the previous chapter. A 
presynaptic fibre volley, produced by the synchronous activation of retinal 
photoreceptor axons in the optic nerve, (the PFV) is insensitive to removal of Ca2+ 
from the extracellular medium. In layer I the PFV is biphasic (P 11-NI 1), in layer 2 is 
triphasic (Pha-N ho-P22a and P hb-Nhb-P22b) and in the remaining layers in biphasic 
(Pl3a-Nl3a. PlJb-Nhb. Pl40-Nl4a• Pl4b-Nl4b and Pls-Nls). As predicted, all other 
components of the OLS EFPs are postsynaptic in origin. The release of 
neurotransmitter from the presynaptic terminals (the RPATs) causes alterations in the 
postsynaptic neuronal membranes; these are recorded extracellularly as a series of 
negative deflections in the superficial layers of the 3a EFP and positive deflections of 
the deeper regions. Removal of Ca2+ prevents neurotransmitter release and hence the 
subsequent postsynaptic responses. Although the pre- or postsynaptic identity of the 
different components has now been established the postsynaptic activity that leads to 
the different components is still unclear. It is not known if the different postsynaptic 
negative deflections, found in the region where the synapses occur (layer 3a), are 
attributable to the summation of excitatory post synaptic potentials or to the activity 
generated by the synchronous action potential generation by numerous neurons. 
Also the identity of the underlying, long lasting postsynaptic deflection found m 
layer 2b and 3a has not been elucidated. 
4.4.2. Effects of extracellular calcium alterations on the EFP 
The importance of extracellular Ca2+ on the different components of the optic lobe 
slice EFP has been demonstrated in this study. It is clear that the extracellular 
concentration of Ca2+ is very important in regulating the size of the field postsynaptic 
potentials (FPSPs). The PFV remains relatively unaltered by changes in [Ca2+1ext. as 
would be expected for a presynaptic compound action potential that is derived from 
the numerous small currents generated by the flow of Na+ and K+ across the cell 
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membrane as the action potentials are propagated. The relationship between [Ca2+]exr 
and the FPSP amplitude shows the importance of Ca2+ on the electrophysiology of 
the first synapse in the cephalopod visual system. Reducing [Ca2+]exr. from the 
normal concentration (lOmM) causes a reduction in neurotransmitter release from 
the presynaptic terminals (the retinal photoreceptor axonal terminations). Tf the 
[Ca2+], ... , is reduced fewer Ca2+ will enter the presynaptic terminal and thus the Ca2+ -
facilitated neurotransmitter release will be depressed; thus producing a smaller FPSP 
amplitude. The relationship between postsynaptic potentials and [Ca2+]exr has been 
well documented for the synapse at the neuromuscular junction in a number of 
vertebrate preparations (Hutter & Kostial, 1954; Hubbard et al., 1968). In these 
experiments the amplitude of motor end plate potentials, which is indicative of 
quantal neurotransmitter release from the presynaptic terminals, shows a nonlinear 
relationship with [Ca2+]w. A similar relationship has been found during this study. 
Synaptic trasnmission at central nervous system synapses has also been shown to be 
sensitive to manipulations in the [Ca2+]exr. In slices of the olfactory cortex (Richards 
& Sercombe, 1970), the cortex (Hasket, 1976) and the hippocampus (Dingledine & 
Somjen, 1980) the amplitude of the postsynaptic field potentials all decreased with 
reductions in [Ca2lw. 
Calcium ions, like magnesium ions, are divalent and may have a stabilising effect on 
excitable membranes. Alger et al., (1989) reported that doubling the [Ca2+],x1 from 
2.4 to 4.8mM reduced population spike amplitudes in hippocampal slices by 
approximately 25%. Also increasing [Ci+],_.., could also increase neurotransmitter 
release and subsequently FPSP amplitude. However, during this study it was found 
that increasing the extracellular Ca2+ concentration had no effect on either the 
presynaptic or postsynaptic components of the EFP 
4.4.3. Effects of extracellular magnesium alterations on the EFP 
Extracellular Mg2+ levels have routinely been set at approximately 50mM during 
experiments involving preparations of both the cephalopod peripheral nervous 
system (Aidemann et al., 1989) and central nervous systems (Williamson & 
Budelmann, 1991; Glanfield, 1997). These levels were chosen as they are similar to 
those measured for cephalopod blood plasma (see tables 4.3 & 4.4). The 
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concentration used routinely in this study was also 50mM as there is no direct 
evidence to suggest that the concentration of Mg2+ in the extracellular spaces of the 
cephalopod optic lobe is any different to the concentrations in the haemolymph. 
EFPs, containing both pre- and postsynaptic elements were routinely recorded when 
I 2+ . '+ externa Mg concentratiOns were set at 50mM. However, when [Mg- ], ... , was 
elevated (to lOOtnM) the amplitudes of both pre- and postsynaptic components were 
depressed. It is understandable that the amplitude of the FPSPs should be diminished 
as the inorganic Mg2+ competes for entry through voltage sensitive Ca2+ channels in 
the presynaptic terminal. Elevating external Mg2+ should therefore regulate Ca2+ 
entry into the presynaptic terminal, neurotranmitter release and subsequently 
excitatory postsynaptic potentials (and therefore FPSPs) amplitude. Conversely, a 
reduction in the external Mg2+ concentration should cause an increase in the FPSPs 
amplitude. The reduced competition for the presynaptic Ca2+ channels should 
facilitate a greater influx of Ca2+ into the terminals and subsequently a greater FPSP 
amplitude. These [Mg2+], ... , alterations should not alter the amplitude of the PFV. 
However, as mentioned previously the elevation of extracellular Mg2+ causes a 
reduction in PFV amplitude. In this study the extracellular Mg2+ appears to be 
having a stabilising effect on the excitable membranes, both pre- and postsynaptic. 
The amplitudes of both the pre- and postsynaptic components of the EFP were 
diminished by elevating the extracellular Mg2+ levels and increased by reducing the 
external Mg2+ concentration. The reduction in field postsynaptic potential (FPSP) 
amplitude may be due to the reduction in PFV amplitude or because of the 
competitive action of Mg2+ on presynaptic Ca2+ channels. The J/0 curves indicate 
that elevating extracellular Mg2+ leads to a smaller FPSP than would be expected for 
the same size PFV. Reducing the extracellular Mg2+ was slightly more complicated. 
1/0 curves suggested that smaller FPSPs were produced by a PFV of the same 
amplitude in lower [Mg2+],_..,. However this may be inaccurate as the reduced Mg2+ 
concentration may be affecting the relationship between FPSP and PFV amplitude. 
It is unclear of the exact mechanisms whereby Mg2+ regulates the amplitude of the 
different components and whether the reduction in FPSP is a direct result of PFV 
reduction or via a competitive action of the Mg2+ altering synaptic transmission 
efficacy. 
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4.4.4. Effects of extracellular potassium alteratio11s 011 the EFP 
The experiments aimed at establishing the relationship between [K+],..-1 and the layer 
3a evoked field potential were inconclusive, this is mainly due to a lack of sufficient 
repeat experiments. Also the range of [K+]._.., fluctuations investigated proved to be 
inappropriate. Instead of elucidating the effects of altering the [K+]w between 10 
and 30mM looking at manipulations between 5 and 20mM would probably have 
elaborated the relationship more successfully. As a result the conclusions that can be 
drawn from these experiments are fairly limited. With an increase of [K+]...., to 20 
mM the EFP is enhanced, with all components increasing in amplitude. The increase 
in PFV amplitude is, however, quite small. The effect on the FPSPs is more 
pronounced. The amplitudes of the FPSP components is markedly increased. This 
increase cannot be attributed to the increase in PFV amplitude. What is more likely 
is that, as K+ is a powerful depolarising agent then the increase in K+ is causing the 
postsynaptic neurons to become more depolarised and hence more likely to fire. It is 
not clear what underlying neuronal processes generate the currents that produce the 
different postsynaptic components but a depolarised neuron is more likely to produce 
activity. It is unclear why the increase in the [K+],_.., to 30mM has such a profound 
effect upon the EFP but it is apparent that raising the K+ concentration to such a high 
level is detrimental to the slice activity. 
4.4.5. Improvements i11 the physiological sali11e 
Solutions normally used as cephalopod physiological salines have concentrations of 
the major ions at the same levels as seawater. The concentrations of Na+, K+, Ca2+ 
and Mg2+ are usually set at (approximately) 430, 10 , 10 and 50mM respectively. 
These values are based on a number of studies that elucidated the concentrations in 
the body fluids of a number of cephalopod species (Potts & Todd, 1965; Shoukimas 
et al., 1977; Robertson, 1965; Steele & Gilbert, 1980; Glanfield, 1997). Vertebrate 
ACSF ionic concentrations are based on the concentrations of the solutions that bathe 
the central nervous system neurons (cerebrospinal fluid). This means that ACSF are 
comparable in their composition to the extracellular solutions that surround CNS 
neurons. In cephalopods, however, the composition of the extracellular solutions 
used to bathe CNS neuronal preparations are based on body fluid ionic 
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concentrations (see tables 4.3 & 4.4). The solutions used as physiological salines are 
not based on the solutions found extracellular to the cephalopod CNS neurons. It has 
been documented that a blood-brain barrier exists in cephalopods. What has not 
been reported, however, is the effect on the transport of the important ions (Na+, K+, 
Ca2+ and Mg2+) across the blood-brain barrier. It is possible that the concentrations 
of these ions are different in the extracellular spaces of the optic lobe than the 
concentrations reported in the blood plasma. As a consequence of this the exact in 
vivo nature of the preparation can not accurately be reproduced in vitro. It is also 
clear that with particular manipulations of the extracellular concentrations of the 
important ions can produce improvements in response amplitude and synaptic 
efficacy can be achieved. Increasing the [K+]e..r1 and reducing the [Ml+Jex1 have been 
demonstrated to improve the "activity" of the slice. A physiological saline with 
concentrations of Na+ (430mM), K+ (20mM), Mg2+ (30mM) and Ca2+ ( IOmM) would 
undoubtedly lead to improved response amplitudes and lead to a more active slice. It 
is unclear, however, if these concentrations would produce preparations, which were 
active for longer periods or if these concentrations were closer to the in vivo state of 
the optic lobe neurons. 
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CHAPTER 5: MAPPING OF OPTIC LOBE SLICE EVOKED FIELD 
POTENTIALS AND ONE DIMENSIONAL CURRENT SOURCE 
DENSITY ANALYSIS 
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5.1. INTRODUCTION 
The evoked electrical responses recorded from the different layers of the octopus 
optic lobe slice preparation have been characterised in an earlier chapter of the 
present study (Chapter 3). The pre- and postsynaptic components of these 
extracellularly recorded waveforms have also been elucidated (chapter 5). The 
origins of these different forms of electrical activity have also been speculated upon. 
Namely, that the presynaptic fibre volley is attributable to the synchronous 
propagation of action potentials along the retinal photoreceptor axons and that the 
slow positive and negative waves are produced by the activation of neurons 
postsynaptic to these photoreceptors. The recordings obtained in Chapter 4 are from 
different layers of the optic lobe slice and are qualitative in nature. What is needed 
now is a quantitative study of the extracellular potential waveforms to provide 
further evidence of which neuronal populations in the optic lobe are responsible for 
the field postsynaptic potentials evoked by optic nerve stimulation. In order to 
achieve this two techniques will be used to provide quantitative information upon the 
evoked field potentials recorded in the optic lobe after optic nerve stimulation. 
Initially a detailed mapping of extracellular waveforms is to be carried out. This will 
provide information about which regions of the optic lobe slice are electrically active 
(both pre- and postsynaptically) after optic nerve stimulation. 
Secondly an analytical technique called current source density analysis will be 
employed in an attempt to spatially, and temporally localise pre- and postsynaptic 
current 'sources' and 'sinks'. Current source density (CSD) analysis is a technique 
first developed by Nicholson ( 1973). CSD analysis allows the membrane currents 
evoked by neuronal stimulation to be localised both spatially and temporally. The 
membrane currents that result from the synchronous synaptic activation of 
postsynaptic cells in laminar central nervous system tissue can be identified as sinks 
or sources. Such current source density analyses have been employed to allow the 
calculation of net membrane current from sets of extracellular potential profiles in a 
numberof preparations (Haberly & Shepherd, 1973; Mitzdorf, 1985; Richardson et 
al., 1987; Ketchum & Haberly, 1993; Chapman & Racine, 1997). The aims of this 
pru1 of the study are to provide an extensive mapping of field potentials in the optic 
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lobe slice evoked by orthodromic stimulation of a single optic nerve bundle. The 
electrical activity, whether pre- or postsynaptic is to be spatially localised to provide 
information about which neuronal populations are postsynaptic to the retinal 
photoreceptor axons. Also, to refine the mapping of extracellular waveform 
potentials, a definitive localisation of evoked membrane currents is to be produced, 
this should provide spatial and temporal data concerning inward and outward 
membrane currents evoked by optic nerve stimulation. 
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5.2. MATERIALS AND METHODS 
5.2.1. Microma11ipu/ator arra11gement 
A Huxley type mechanical micromanipulator was used for all of the mapping 
experiments. A microelectrode holder was attached to the headstage to hold the 
electrode vertically. The manipulator was arranged so that movements of the 
controls caused the tip of the electrode to move in three planes (x, y, z) which were 
either perpendicular or parallel to the base of the chamber. This allowed the tip of 
the electrode to be exactly moved in three planes with the tip being perpendicular to 
the dorsal surface of the slice. Using the scale markings on the manipulator controls 
the exact position in the three planes (horizontal, vertical and depth) could be 
determined with respect to previous positions. 
5.2.2. Depth profiles 
Depth profiles were constructed by visually and electrophysiologically (when the 
electrode touched the surface of the slice the baseline dropped slightly) placing the 
tip of the electrode on the dorsal surface of the slice, at the region where the optic 
nerve (ON) entered the outer granular cell layer (OGCL). The electrode tip was then 
advanced down through the tissue to within SOJ.l.m of the ventral side of the slice. To 
avoid tissue depression, which could alter the evoked field potential (EFP) 
waveform, the electrode was moved up and down a few times before being returned 
to its original position close to the ventral surface of the slice. The exact distance of 
the electrode tip position from the dorsal surface was therefore known and an ON-
evoked field potential could then be recorded from this position. The tip was then 
moved incrementally 25J.l.m upwards and recordings taken at each point. This was 
continued until the electrode was no longer in the tissue. The electrode was then 
moved horizontally along the ON-medulla axis for a known distance, placed on the 
dorsal surface of the slice and the procedure repeated. In this way depth profile were 
constructed from given points along the ON-medulla axis and from visually 
identifiable regions 
Peak amplitudes and polarity of all of the components of the ON-evoked field 
potentials from all of the recordings that were obtained, were measured (see chapter 
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3) and contour plots constructed using Surfer Mapping Software (Golden Software, 
UK). 
5.2.3. Lateral maps 
High-resolution maps of the EFPs were constructed. The micromanipulator was 
arranged as before and an initial EFP recorded. This was usually at the border 
between layers 2 and 3, along the ON-medulla axis. A recording was obtained from 
a given depth, this recording was known as the reference point. The electrode was 
then moved to a different point in the tissue, advanced to the required depth and an 
EFP recorded. The exact distance of this second recording position, with respect to 
the reference position, was calculated from the micromanipulater control gradations. 
The electrode was then moved to further points in the slice until recordings from all 
areas, where electrical activity was generated from the single presynaptic pulse, had 
been covered. After the experiment the electrode was moved back to the reference 
point and a further recording obtained. If there was a negligible difference in the 
amplitude of the initial and the final recordings then the data was accepted. 
The data were expressed by constructing contour and surface plots of the peak 
amplitude and polarity of all of the pre- and postsynaptic components as a function 
of distance along both horizontal and vertical (ON-medulla) axes. 
5.2.4. Current source density analysis 
5.2.4.1. Theory 
Evoked field potentials are the result of the average potential change in the vicinity 
of the recording electrode, caused by the numerous small membrane currents 
associated with neuronal activity. These membrane currents can be both inward (-
ve) and outward (+ve) and can subsequently sum algebraically. Specific components 
of the resultant field potential can therefore be underdescribed in the evoked 
waveform. Current source density is a method of spatially and temporally localising 
the current sources and sink involved in the activation of large-scale neuronal 
assemblies. 
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The extracellularly recorded field potential is related to the membrane currents (/111) 
by the equation: 
Where Vcr is the tensor describing conductivity and Vcj> is the gradient operator that 
quantifies the net rate of divergence or compression at each point in the extracellular 
space (Nicholson & Freeman, 1975; Mitzdorf, 1985). I m is negative for current sinks 
and positive for current sources. The above equation holds true when the 
extracellular electrical field obeys Ohm's law and is unaffected (or affected 
negligibly) by capacative, magnetic and inductive effects (Mitzdorf, 1985). The 
error induced by making these assumptions has been estimated at <10% (Nicholson 
& Freeman, 1975; Mitzdorf, 1985; Holsheimer, 1987). Current source density 
(CSD) can be calculated from the spatial distribution of extracellular field potentials 
and the conductivity of the extracellular space. Under ideal circumstances a real 
time analysis of CSD is obtained by recording potentials from a three-dimensional 
array of electrodes whilst taking into account the conductivity. In this situation the 
following equation applies for measuring CSD: 
where S is the second square derivative (or CSD), cr,, cry and O"z are the conductivity 
tensors for x, y and z dimensions and V(t) is the extracellular voltage. In neuronal 
tissue showing a high degree of laminar organisation, calculation of the CSD can be 
simplified by employing a one dimensional CSD analysis. Extracellular conductivity 
in slices of neuronal tissue showing laminar organisation has been demonstrated to 
exert a negligible qualitative influence on the CSD analysis along the principal axis 
of neuronal laminar organisation. The exact quantitative aspects of using a one" 
dimensional CSD analysis may be altered but the qualitative nature (i.e. time course 
and polarity of the sinks and sources) should be preserved. Before the sinks and 
sources of a particular preparation can be investigated using a one-dimensional CSD 
analysis, the nature of the tissue must fulfil a number of criteria (Richardson et al. 
1987). These are: 
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I. There must be large-scale synchronous activation of neuronal elements m a 
laminar structure, 
2. Equidistant recording of evoked potenlials parallel to the maJOr axis of the 
laminar profiles must be employed. 
3. The extracellular medium must be isotropic (i.e. cr, =cry= crz). 
4. There must be homogenous-conductivity along the principal laminar axis. 
If these criteria are fulfilled the equation needed to calculate the CSD becomes much 
simpler, 
d 2 V(t) 
S(t, x) =a 
2 dx 
_ (VI - V2)- (V2- V3) 
(LlX) 2 
Where V 1, V 2 and V 3 are the field polentials recorded at three consecutive locations 
along the axis separated by a distance of t.X. 
The optic lobe COI1ex shows a high degree of laminar specialisation. The anatomy of 
the system suggests that a synchronicity of neuronal activity is probable. From 
previous published reports it is now accepted that with the use of a slice preparation 
the conductivity of the extracellular spaces along the principal axis of study is fairly 
homogenous. it therefore appears that the optic lobe slice preparation fulfils these 
criteria and is suitable for a one dimensional CSD analysis. The data for such a one-
dimensional CSD analysis can be derived from laminar profiles along the ON-MED 
aXIS. 
5.2.4.2. Procedure 
The tip of the microelectrode was placed on the dorsal surface of the slice, under 
visual and electrophysiological guidance, at the periphery of the tissue. The slice 
was arranged so that horizontal movements of the electrode were perpendicular to 
the laminar organisation of the slice (i.e. along the ON-medulla axis). The electrode 
tip was advanced approximately 2001J.m into the slice and a sample recording made. 
The electrode tip was then moved up a fixed distance and down in the tissue and 
further recordings obtained before being placed in the original position and a final 
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recording made. The electrode tip was then removed from this position and re-
inserted a fixed distance (25j.im) along the ON-MED axis with recordings being 
made at each position. This gave recordings ranging from the central 200j.im of the 
slice. These recordings were averaged and represented the ON-EFP from this point 
on the ON-medulla axis. The electrode was moved a further 25j.im along the axis 
and the procedure repeated. The procedure was repeated until the electrode was 
placed in tissue areas where no field potential could be detected. 
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5.3. RESULTS 
5.3.1. Potential profiles 
Evoked field potentials were recorded along transects in the optic nerve - medulla 
axis (ON-MED axis). l:he first recordings were taken at the border between the optic 
nerve and the outer granular cell layer (layers I and 2). The electrode was then 
moved 25j.lm further into the optic lobe along the ON-MED axis before a new 
recording was made. This procedure was carried on until the electrode was deep into 
the medulla (usually distances approximately 500j.lm). Figure 5.1 shows a typical 
evoked field potential profile along the ONcMED axis. The fibre volley can be seen 
to decrease in amplitude as the electrode was moved to more central layers of the 
slice. The dipole in the field postsynaptic potentials can also be seen clearly, with 
negative responses being recorded superficially and positive responses more 
centrally. The peak amplitude and polarity of the different components of the 
presynaptic fibre volley along the ON-MED axis can be seen in figure 5.2. The 
amplitude and the polarity of the different components were measured between 
specific periods after the onset of the evoked field potential. The amplitude of the 
first positive peak of the fibre volley (measured between 0 and 2mS after the onset of 
the evoked field potentials) was constant through layer I and the outer regions of 
layer 2 but increased towards the border between layers 2 and 3 (Figure 5.2A). As 
the distance increased along the ON-MED axis the amplitude of the tirst positive 
peak decreased steadily. The amplitude of the first negative peak (measured between 
2 and 4mS after the onset of the evoked field potential) was constant in layer I and 
decreased steadily as the distance along the ON-MED axis from layer I increased 
(figure 5.28). The second positive peak of the fibre volley (measured between 4 and 
6mS after the onset of the EFP) was only found in deeper regions of layer 2 (see 
figure 5.2C). The amplitude of this component increased rapidly before quickly 
diminishing at the border between layers 2 and 3. The total amplitude of the evoked 
field potential, however, steadily decreased as the distance increased from layer I 
along the ON-MED axis (figure 5.2D). 
The amplitude and polarity of the field postsynaptic potentials all followed similar 
changes along the ON-MED axis. The peak amplitude of the N3x. N4, and N5, 
components were measured between periods of 6- IOmS, I0-20mS and 20-30mS 
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respectively. Figure 5.3A shows the amplitude and polarity of the first postsynaptic 
component. The amplitude of this component steadily increased as the electrode was 
moved from layer I to a maximum at the border between layers 2 and 3. As the 
electrode was moved along the ON-MED axis towards more central layers of the 
slice the amplitude of the first postsynaptic component decreased before reaching 
OmV approximately 75Jlm into the plexiform zone (layer 3; see figure 5.3A). From 
here the polarity of this component reversed and became positive. In addition, the 
amplitude also increased. Along the rest of the ON-MED axis the amplitude 
remained approximately constant, the polarity also remained positive (figure 5.3A). 
The second and third field postsynaptic components also followed similar profiles as 
the first postsynaptic component. However, the reversal of the polarity of these 
components from negative to positive occurred at the border between the layer 3 and 
4 (see figures 5.38 and C). 
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Figure 5.1. Extracellular potential profiles recorded at intervals of 25J1II1 along the ON-MED axis in an octopus optic lobe slice. The fibre volley 
changes from a triphasic to a biphasic response between 50 and 75, approximately the border between layers 2 and 3. The field postsynaptic potentials, 
that begin to appear 25 J1IIl in from the periphery of the tissue, are negative in inflection at superficial layers and positive in deeper layers. At 
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Figure 5.2. Changes in amplitude and polarity of the different components and the total amplitude of the photoreceptor fibre volley along a 
transect parallel to the ON-MED axis. (A) Plx component. (B) Nix component. (C) P2x component. (D) Total PFV amplitude. data are 
expressed as means (n=6) ± S.E. 200 

5.3.2. Depth profiles 
As the recording electrode was moved through the slice in a .dorso-ventral direction 
the ainplitude of the different components increased. In the centre of the slice the 
amplitudes of the evoked field potentials was maximal. As the recording electrode 
passed from the centre of the slice towards the ventral surface the amplitude of the 
evoked field potential began to decrease. The recordings made at any depth through 
the slice were similar qualitatively if not quantitatively. All components showed 
similar peak latencies and ·were of the same polarity. Figure 5.4A shows an 
isopotential contour plot of the peak amplitude of the first positive component of the 
EFP recorded at various depths along the ON-MED axis. The maximum peak 
amplitude of the positive peak of the fibre volley can be seen at the border of layers I 
and 2 (where the optic nerve enters the slice) and in layer 3 (where the retinal 
photoreceptors terminate). The distribution of the maximum amplitude of the first 
negative component of the fibre volley can be seen in figure 5.48. The maximum 
amplitudes mirror those for the first positive component. Figure 5.5A shows the 
distribution of maximum amplitude of the fibre volley (measured from the first 
positive peak to the first negative peak). Maximal amplitudes can clearly be seen at 
the border of layers I and 2, proceeding through layer 2 and in layer 3. At other 
depths and in other layers the fibre volley amplitude decreases. The distribution of 
postsynaptic activity through the slice and along the ON-MED axis can be seen in 
figure 5.58. Maximum postsynaptic activity was measured for the between 20 and 
30mS after response onset. This corresponded to the peak latency of the N330 , N33h, 
and N24b and N2s components. The dipole between polarity of these responses can 
clearly be seen, with large 1iegative responses being found in layers 2 and 3 and 
positive responses recorded in layers 4 and 5. The maximum negative FPSP 
amplitude is seen approximately in the middle of the slice and in the layer 3a. The 
maximum positive FPSP can be seen in layers 4/5. Positive FPSPs can also be seen 
throughout layer 5 at most depths. Generally maximum amplitudes of all pre and 
postsynaptic components could be seen in the centre of the slice, with EFPs of 
reduced amplitudes recorded near to the ventral and dorsal surfaces. 
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Figure 5.4. Contour plots of amplitudes of the first positive (Plx; A) and first negative 
(Nlx; B) components of the fibre volley recorded at different depths through an optic lobe 
slice along the ON-MED axis. The amplitudes are maximal at the centre of the periphery 
of the slice where the nerve enters. Also large amplitudes can be seen in layer 3. Scales on 
the right are in m V 
203 
Layer 2 Layer 3 Layer 4 Layer 5 
(A) 0.00 t----t-----1......------l-,----'----.1---,.-
-50.00 
-500.00 
-550.00 
(B) 
-1 .00 
-1.25 
-1 .50 
-1.75 
-2.00 
-2.25 
-2.50 
-2.75 
-3.00 
-3.25 
-3.50 
-3.75 
Distance (~m) 
Figure 5.5. Contour plots of amplitudes of the fibre volley (Plx-Nlx; A) and maximum 
field postsynaptic potential amplitude (B) recorded at different depths through an optic 
lobe slice along the ON-MED axis. Scales on the right are in m V. 
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5.3.3. /sopotential maps 
Contour and surface plots of lines of isopotential providing information about the 
distribution of .pre- and postsynaptic extracellular activity, were constructed by 
recording EFPs at known coordinates throughout the slice near to the entry point of 
the optic nerve. 
The distribution of the peak amplitude of the P 1 peak of the fibre volley can be seen 
in figure 5.6. The contour plot of isopotential lines shows maximum amplitudes 
found at 'the entry point of the optic nerve in the optic lobe and in the plexiform zone. 
The maximum amplitudes spread laterally through layers 2 and 3, corresponding to 
the lateral spread of photoreceptor axons. As the lateral distance increases the 
amplitude decreases. A·lso as the distancefrom layer 3 increases along the ON-MED 
axis the amplitude of the 1Pl component also decreases. The surface plot (figure 
5.68) of PI amplitudes shows the much greater amplitude in the outer layers (2 and 
3) and how the amplitude has diminished in deeper layers (4 and 5). The amplitude 
of the first negative component of the fibre volley (N lx) shows a comparable 
distribution to that of the Plx component (figure 5.7A). However the maximum peak 
amplitudes of this component can be seen at the periphery of the slice (the layer 1/2 
border), throughout the rest of the slice the amplitudes are much smaller (fig. 
5.7A&B). The distribution of the maximum amplitude of the fibre volley (measured 
P lx-N lx) can be seen in figure 5.8. As expected the distribution laterally and parallel 
to the ON-MED axis mirrors that of the distribution of the constituent components. 
The regions of maximum fibre volley amplitude can be seen spreading through layer 
2 and in layer 3 again corresponding to the spread of retinal photoreceptor axons in 
the optic lobe cortex. Amplitudes decrease with increasing distance from the entry 
point of the optic nerve in the optic lobe (see fig. 5.8A&B). 
The distribution of peak amplitudes of the field postsynaptic potentials is 
demonstrated by figure 5.9. The contour plot showing lines of isopotentials from 
both negative and positive components (figure 5.9A) demonstrates the distribution of 
peak amplitudes of negative and positive FPSPs in the outer layers of the optic lobe 
slice. In layers 2 and 3 the postsynaptic components are clearly negative with 
maximum amplitudes being found in layer 3. This activity spreads laterally for 
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approximately 800J.1m. In level 4 there is a region of no postsynaptic activity 
(indicated by white band). This is the point at which the FPSPs change polarity from 
negative to positive. Throughout the rest of the layers (4 and 5) the FPSPs are 
positive in inflection. The maximum positive FPSP amplitude can be seen at the 
borders between layers 4 and 5. Throughout the rest of layer 5 the FPSPs are 
positive. The surface plot of maximum peak FPSP activity (fig.5.9B) shows that the 
negative postsynaptic responses recorded in layers 2 and 3 are much larger than the 
positive response recorded in layers 4 and 5. 
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Figure 5.6. Amplitude of the first component of the evoked field potential in the 
octopus optic lobe slice. Contour (A) and surface (B) plots of the spatial spread of the 
Plx component amplitude. The amplitude of the first positive peak of the fibre volley is 
maximal at the centre of the entry point of the optic. Maximal amplitudes can also be 
seen in the plexiform zone. The amplitude of the Pl x component decreases with 
increasing distance, both laterally and along the ON-MED axis. 
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Figure 5.7. Amplitude of the first negative component of the evoked field potential in 
the octopus optic lobe slice. Contour (A) and surface (B) plots of the spatial spread of 
the Nix component amplitude. The amplitude of the first negative peak of the fibre 
volley is maximal at the centre of the entry point of the optic. Large amplitudes can also 
be seen in the plexiform zone. The amplitude of the Nlx component decreases with 
increasing distance, both laterally and along the ON-MED axis. 
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Figure 5.8. Amplitude of the fibre volley (Plx-Nlx) of the evoked field potential in the 
octopus optic lobe slice. Contour (A) and surface (B) plots of the spatial spread of the 
FV component amplitude. The amplitude of the fibre volley is maximal at the centre of 
the entry point of the optic nerve. Large amplitudes can also be seen in the plexiform 
zone. The amplitude of the Nl x component decreases with increasing distance, both 
laterally and along the ON-MED axis. 
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Figure 5.9. Maximum amplitude of the FPSPs (N3x) of the evoked field potential in the 
octopus optic lobe slice. Contour (A) and surface (B) plots of the spatial spread of the 
NI x component amplitude. Large negative postsynaptic potentials can be seen in layers 
2b and 3 (maximum in layer 3b). Little or no activity can be detected along a line in 
layer 4a. The rest of the layers have postsynaptic components positive in inflection but 
smaller in amplitude. The maximum positive postsynaptic amplitudes can be seen in 
layer 4a/5. 
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5.3.4. Current source density analysis 
The protocol used for the one dimensional current source density analysis was based 
upon methods obtained from the literature. Unfortunately differences between 
mammalian preparations and the cephalopod optic lobe slice preparation prevented a 
full understanding of the spatial and temporal localisation of membrane cun·ent flow. 
The main reason for this is the differences in spatial resolution required for a full 
current source density analysis. A one dimensional current source density analysis 
works by calculating small differences between waveforms measured in adjacent 
positions. The increment of 25~-Lm used to obtain waveforms along the ON-MED 
axis has routinely been used. Unfortunately due to the morphology of the optic lobe 
cortex the spatial resolution allowed by an increment of 25~-Lm was not high enough. 
With a separation as high as this the differences between waveforms from adjacent 
recording sites were often large. The subsequent analysis was affected by these large 
differences and sinks and sources were not localised. However, one experiment was 
performed using a distance of 20~-Lm between recording sites and with a stimulus 
intensity small enough to allow visualisation of postsynaptic sinks. Figure 5.10 
shows a surface plot (fig.5.10A) and a contour plot (fig.5.10B) of the second square 
derivative (the CSD) for different distances and times along the ON-MED axis (the 
principal axis of study). A number of sinks and sources underlie the generation of 
the fibre volley (SOla, SOib, SI, SOil and SII). These can be attributed to the 
currents flowing that cause the fibre volley due to their timescale, i.e. all are within 
6mS of the onset latency. The fibre volley lasts for approximately 6mS from onset in 
all layers of the optic lobe. The large sink that is elicited by current inflow due to 
postsynaptic responses should be spatially localised in the region of synapses 
between the photoreceptor cells and the second order visual neurons. This sink (Slll) 
is found approximately 125-175~-Lm (in layer 3a) from the periphery of the slice. 
This is the part of the slice where the retinal photoreceptors terminate. Unfortunately 
the potential profile did not include layers 4 and 5 and only reached for 250~-Lm, this 
was not large enough to include the region where the sources of this postsynaptic 
response is located. 
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Figure 5.11 shows the effects of paired pulse stimuli on the CSD anlaysis. Figure 
5.llA shows a contour plot of the CSD after the first stimuli. The CSD after the 
second stimuli (interpulse interval=40mS) ea n be seen in figure 5.118. Clearly, the 
SOil, SII and Sill source and sinks do not appear after the second pulse. It was 
hoped that a paired pulse protocol would help separate the postsynaptic sinks and 
sources from the presynaptic ones. However, the paired stimuli, with a 40mS 
interpulse interval, clearly produce a very different sink and source pattern. 
Nevertheless, the abolishment of the sink, Sill, demonstrates the spatial and temporal 
localisation of a postsynaptic sink. 
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Figure 5.10. Current-source density distribution in the optic lobe evoked by optic 
nerve stimulation as a function of time and position along the ON-MED axis 
presented as surface (A) and contour plot (B). 
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Figure 5.11. Separation of sinks and sources associated with synaptic currents in the 
outer layers of the optic lobe slice after optic nerve stimulation. A. CSD after ftrst stimuli. 
(B). CSD after second stimuli separated by 40mS. Note the abolishment of the SOli 
source and SII and Sill sinks. 
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5.4. DISCUSSION 
This chapter was designed to expand upon the information provided in chapter four, 
concerning the extracellulady recorded evoked field potentials in the octopus optic 
lobe slice preparation. The arrangement of the micromanipulator allowed for precise 
movements of the electrode tip to be made and recordings obtained from sites of 
known coordinates along a three-dimensional array. Such an array consisted of 
transects, at different depths, along the optic nerve-medulla (ON-MED) axis spaced 
laterally at different intervals. With such a recording arrangement the distribution of 
presynaptic and postsynaptic components of the extracellularly recorded evoked field 
potentials were spatially and temporally localised within the different layers of the 
optic lobe slice. This has lead to a greater understanding of which neuronal 
populations are involved in presynaptic and postsynaptic responses to orthodromic 
stimulation of a single optic nerve bundle, 
Although a qualitative description of the dipole existing between field postsynaptic 
potentials recorded in superficial and more central layers of the octopus optic lobe 
obtained in chapter 3, the precise location of positive and negative field postsynaptic 
potentials along the principal axis of study were not elucidated. During this part of 
the present study the amplitude and polarity of the different components of the EFPs 
was measured along the principal axis of study, the ON-MED axis. The alterations 
in the fibre volley with increasing distance along the ON-MED axis can be accounted 
for by the morphology of the retinal photoreceptor terminations. The amplitude and 
polarity of the different components of the fibre volley are comparable throughout 
layer I (the optic nerve). However, as the recording electrode passes through layer 2 
(the outer granular cell layer) the fibre volley alters dramatically, with a second peak 
appeanng. This is probably attributable to altered fields due to the prominent 
branching of optic nerve bundles that occurs in this layer (see chapter 2, section 2.3.1 
& 2.3.2). In layer 3a (the outer part of the plexiform zone) the fibre volley is 
maximal in amplitude. This is probably due to increased areas of active membrane 
associated with the terminal bags of the retinal photoreceptor axons, that occur in this 
region. As the recording electrode moves from this layer the fibre volley amplitude 
decreases. The number of axons carrying the presynaptic action potentials decreases 
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with distance from layer 3a it is therefore unsurprising that the amplitude of the fibre 
volley also.decreases. 
The synaptic connections within the plexiform zone between the presynaptic retinal 
photoreceptor terminations and postsynaptic neurons located in the optic lobe is 
remarkably complex and not very well understood. That synaptic interactions 
between types I and II retinal photoreceptor terminations and second order visual 
neurons occur in the plexiform zone is undoubted (Dilly et al., 1963; Case et al., 
1972; Cohen, 1973c; Haighighat et al., 1984) but the precise location of these 
neurons and the mechanisms of such synaptic processes is unknown. The dipole that 
was qualitatively reported in chapter 4 has been studied more extensively and in a 
quantitative nature during this part of the present study. Maximum negative field 
postsynaptic potentials have been located in one region of the optic lobe throughout 
all of the mapping procedures undertaken in this study. Layer 3a showed the greatest 
field postsynaptic potential (FPSP) amplitude during depth profiles, potential profiles 
and isopotential profiles. This is in agreement with the morphological reports 
demonstrating the abundance of synaptic interactions that occur in this layer (Case et 
al., 1972; Cohen 1973c), However, large field postsynaptic potentials were also 
recorded throughout layers 2b and 3b. The recordings of FPSP activity obtained in 
layer 2b were probably attributable to currents generated by synaptic interactions 
occurring in layer 3a. However, postsynaptic processes in response to retinal 
photoreceptor axon stimulation have been proposed to occur in layer 3b. It is not 
clear if the field postsynaptic potentials recorded in layer 3b are a result of membrane 
currents generated here in response to the release of neurotransmitter from 
presynaptic terminals or if the activity is a more distant recording from the field 
generated by synaptic potentials in layer 3a. 
The sites of maximum positive field postsynaptic potential activity were similarily 
spatially localised to one specific region of the optic lobe. Layers 4b and 5 showed 
positive field postsynaptic potentials with maximum amplitudes being recorded in 
layer 4b. Morphologically the somata of populations of neurons postulated as being 
postsynaptic to the retinal photoreceptor terminations have been demonstrated here 
(Young l962b, 1971, 1974). The positive potentials are probably indicative of 
current flow from the postsynaptic neuronal somata (i.e. from sources) to the region 
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of synaptic activity (i.e. the sinks in layer 3a). Positive field potentials could also be 
recorded throughout large areas of the medulla adjacent to the area of the cortex 
innervated by the optic nerve that was being stimulated. This implies that at least 
some of the neuron somata in this area are postsynaptic to the presynaptic retinal 
photoreceptor terminations occurring in layer 3. 
The qualitative nature of the evoked waveform did not alter as the recording 
electrode moved down through the slice whilst at the same recording position on the 
ON-MED axis. However, since there is no lamination in neuronal structure along the 
ON-MED axis it is to be expected that the field potential would remain relatively 
unchanged. All presynaptic and postsynaptic neuronal elements along the depth 
profile are presumably activated synchronously. However, pronounced alterations in 
the field did occur with depth. The amplitude of the evoked field potential 
components altered as the depth increased from the dorsal surface of the slice. 
Through approximately the central 200f.Lm of the slice the amplitudes of the EFP 
components was maximal. As the electrode passed through tnis central region and 
moved towards the ventral surface the component amplitudes decreased. It may be 
that this decrease is due to localised tissue damage during slicing. Reid et al., (1988) 
concluded that the outer IOOf.Lm of each side of a slice preparation will show 
considerable damage due to the lateral actions of the vibratome blade. Also neurons 
in the outer regions of the slice are more likely to be damaged as their dendritic fields 
may pass through the pathway of the cutting blade. 
The lateral spread of activity in the optic lobe evoked by the stimulation of a single 
optic nerve bundle was studied by constructing isopotential maps of field potential 
components recorded from points on a two-dimensional array. These isopotential 
maps indicated which parts of the slice were pre- and postsynaptically active 
following optic nerve stimulation. 
The spread of the presynaptic fibre volley activity could also be correlated with the 
dil labeling of optic nerve bundles (see chapter 2). Photoreceptor fibre volley (PFV) 
activity distribution was associated with where the optic nerve bundle entered the 
slice. PFV activity could usually be detected in both lateral directions from where 
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the optic nerve bundle entered layer 2. However, the lateral distribution of PFV from 
the centre of the nerve was dependent upon the position of the optic ne~e around the 
circumference of the optic lobe. This spread of activity could be correlated with the 
spread of photoreceptor axons within layer 2. The maximal amplitude of the PFV 
could be detected along transects adjacent to the optic nerve. As the lateral positions 
of the transects increased from the centre of the optic nerve the amplitude of the PFV 
decreased. It is unclear if the retinal photoreceptors from a single optic nerve bundle 
are more numerous closer to the centre of the entry point of the optic nerve into the 
optic lobe. If this is the case this would explain the greater potentials recorded in the 
central regions. However, even if the density of retinal photoreceptors is comparable 
in all regions, and the membrane currents generated are comparable, the summation 
of potentials will be greater in the centre rather than at the periphery just from 
geometric summation. The postsynaptic activity also shows a comparable lateral 
spread, with activity usually being directly adjacent to the lateral spread of retinal 
photoreceptors. Activity also diminishes with lateral distance from the centre of the 
optic nerve. Again it is unknown if the activity is greater in the central regions of the 
lateral optic nerve spread because of a greater density of presynaptic retinal 
photoreceptor terminals producing more synaptic interactions (and hence greater 
synaptic currents) or if it is entirely due to summation of potentials in the central 
regions being higher. 
Although the layers of the optic lobe where negative and positive postsynaptic 
activity occur have been accurately identified the precise location of the synaptic 
activity cannot be completely specified without a current source density analysis of 
potential profiles of evoked field potentials recorded along the principal axis of 
study. The very nature of the extracellular recordings obtained in this study caused 
intrinsic problems in their analysis. The evoked potential changes are obtained in a 
field and are attributable to numerous constituent neuronal elements. As a 
consequence of this a potential waveform recorded in one spatial region maybe 
attributable to an element in another spatial region. The current source density 
analysis performed in this study was designed to overcome the inherent flaws in 
extracellular recordings of evoked field potentials and spatially localise the exact 
region of the optic lobe that is responsible for the current influxes and effluxes. It 
was hoped that such an analysis would reveal the exact location of synapses between 
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retinal photoreceptor terminations and second order visual neurons and also the 
location of the somata of these cells. However, due the problems with spatial 
resolution of the recording sites along the optic nerve-medulla axis this could not be 
elucidated. As only one set of potential profiles was obtained, and this was 
incomplete, no concrete conclusions could be drawn from this. 
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CHAPTER 6: PHARMACOLOGY OF THE FIRST SYNAPSE IN 
THE CEPHALOPOD VISUAL SYSTEM 
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6.1. INTRODUCTION 
Fundamental to the understanding of a sensory system is the clarification of the identity 
of the neurotransmitter that converts output from the sensory cells into information that 
can be dealt with, and acted upon, by the central nervous system. To date there is 
ultrastructural, biochemical, histochemical and immunohistochemical evidence 
implicating different substances as transmitters in the first order visual neurons of the 
cephalopod visual system. However, no physiological evidence has been published 
describing the identity of the transmitter substance at the first synapse in the visual 
pathway. 
There is a variety of published evidence concernmg the identity of the 
neurotransmitters of the photoreceptive elements from a number of ve1tebrate and 
invertebrate phyla (summarised in tables 6.3. and 6.4.). Briefly, vertebrate 
photoreceptors utilise the amino acids, aspartate and glutamate (Slaughter & Miller, 
1983; Copenhagen & Jahr, 1989; Knappe et al., 1990; Sarantis & Mobbs, 1992; Jojich 
& Pourch, 1996) as excitatory neurotransmitters in the rods and cones of the vertebrate 
retina. Inhibitory influences upon second order neurons in the vertebrate pathway 
appear to be controlled by the amino acids, glycine and GABA (Smiley & Yazulla, 
1990; Bennis & Vesaux- Botteri, 1995; Gillette & Dacheux, 1995). Other substances 
that may act as neurotransmitters have been demonstrated in the photoreceptive 
elements of the vertebrate retina, including taurine (Pow, 1994), serotonin/melatonin 
(Green et al., 1995) and acetylcholine (Criswell & Brandon, 1992). 
Evidence concerning the identity of the neurotransmitter(s) at the first synapse in the 
cephalopod visual system has come from a number of ultrastructural, biochemical and 
immunohistochemical studies describing the retinal photoreceptor somata and their 
terminations in the plexiform zone. Indirect ultrastructural evidence that the retinal 
photoreceptors are cholinergic has been demonstrated (Tonosaki, 1965; Gray 1970). 
These reports described round agranular synaptic vesicles in the photoreceptor retinal 
collaterals that are reminiscent of cholinergic synapses. Other evidence demonstrating 
the possible neurotransmitters involved in these fibres has been given by Lam et al. 
(1974) who incubated cephalopod retinas with labeled precursors of acetylcholine, 
noradrenaline, y-aminobutyric acid (GABA), dopamine and octopamine. Only 
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significant synthesis of dopamine and acetylcholine were found. Rosenberg et al. 
( 1966) found high levels of acetylcholine and the synthetic enzyme choline acetylase 
(cholineacetyltransferase), in the retina of the squid. Feldberg et al. (1951) failed to 
detect this, probably due to a less sensitive protocol being employed. Kime and 
Messenger ( 1990) found dopamine in the retina of Loligo vulgaris but not in the retina 
of Octopus vulgaris. Noradrenaline and 5-HT were also found in small quantities in 
the retina of 0. vulgaris but not in L . vulgaris. Juorio & Killick, however, found 
dopamine, noradrenaline and 5-HT in the retina of 0. vulgaris but in very small 
quantities. Suzuki & Tasaki ( 1983) found that dopamine when injected into regions of 
the Octopus retina produced enhanced electroretinograms (ERGs). This enhancement 
was found only when dopamine was injected into the plexus region and not at the 
photoreceptive area of the retina, suggesting that dopamine activity is localised in this 
region. Suzuki & Tasaki (1983) concluded that dopamine was the neurotransmitter 
released at the efferent terminals of the Octopus retina. 
Histochemical and immunohistochemical evidence for putative neurotransmitter 
localisation in the retina has been provided by a number of authors (Tansey, 1980; 
Silver et al., 1983; Osborne et al., 1986; Kito et al., 1990) although some of these 
reports are contradictory. Tansey (1980) showed aminergic fluorescence in the region 
of the optic lobe where the centrifugal ftbres originate but not where the retinal 
photoreceptor axons terminate. Silver et al. (1983) used glyoxilic fluorescence to 
histochemically show the presence of aminergic (probably dopaminergic) neurons in 
the cephalopod retina and concluded that these were the efferent centrifugal fibres from 
the optic lobe. Os borne et al. ( 1986) found a single layer of substance-P like 
immunoreactivity in the cephalopod retina but found no immunoreactivity for tyrosine 
hydroxylase, 5-HT, GABA, cholecystokinin, neuropeptide Y, somatostatin, enkephalin 
or vasoactive intestinal peptide. However, Kito et al. ( 1990) found immunoreactive 5-
HT containing cells in the retinal plexus and optic nerve. It seems likely from the 
available evidence that the retinal photoreceptor cells are cholinergic in nature and 
release acetylcholine from their terminals in the cephalopod optic lobe. Efferent inputs 
in the retina from the eye are undoubtedly centrifugal neurons. Dopamine is the likely 
candidate for neurotransmitter released from these efferent neurons according to the 
biochemical, histochemical and physiological evidence. 
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Vertebrate and invettebrate brain slices have been extensively used in the study of the 
pharmacology of synaptic transmission. The mammalian hippocampal slice has been 
used to determine the actions of putative neurotransmitters; such as acetylcholine 
(Hounsgaard, 1978), glutamate (Langmoen & Hablitz, 1981), GABA (Anderson et al., 
1980), noradrenaline (Segal, 1980) and 5-HT (Jahnsen, 1980, Segal, 1980). 
The use of brain slice preparations has lead to a greater understanding of the 
pharmacology of synaptic transmission due to intrinsic characteristics, which make 
brain slices attractive preparations for pharmacological experiments: Table 6.1 (from 
Dunwiddie, 1986) demonstrates the disadvantages and advantages of using brain slices 
for pharmacological experiments. As a result of this, the use of brain slices for the 
investigation of neuropharmacology using intracellular ~Dingledine, 1984); whole cell, 
and evoked potential recordings (Flatman & Lambert, 1979) has proliferated. Evoked 
potentials, including evoked field and evoked focal potentials, have been used to 
investigate the nature of synaptic transmission at known synapses (Yasuda et al., 1984; 
Madamba et al., 1995; Dye & Karten, 1996). Also the effects of putative 
neurotransmitters on populations of neurons (Flatman & Lambert, 1979; Lambert et 
al., 1981) have been studied using extracellular recordings of multiple units. Evoked 
field potentials have been used in conjunction with bath applied specific 
neurotransmitter antagonists to abolish the postsynaptic components EFPs, thus 
providing evidence about the identity of the transmitter substance released. The use of 
input-output curves from evoked field potentials generated during the bath application 
of specific antagonists has also helped dissect if the antagonist is acting pre- or 
postsynaptically and if it is antagonising receptors to the transmitter released. 
The aim of this chapter is to provide physiological evidence that will help identify 
the substance released by retinal photoreceptor terminations after their stimulation. 
To do this, evoked field potentials recorded from octopus optic lobe slices were used 
in conjunction with the application of specific neurotransmitter antagonists. The 
reduction or abolition of field postsynaptic potentials with antagonist perfusion 
without alterations to the fibre volley would provide the first physiological evidence 
as to the identity of the transmitter substance. Input-output curve data also helps to 
ensure that any reductions in field postsynaptic potential amplitude (indicative of 
antagonist action) is via this action and not by any alterations to the fibre volley. 
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Also by applying acetylcholinesterase inhibitors to the bath, further evidence 
supporting the view that acetylcholine is the transmitter substance released at the first 
synapse in the cephalopod visual system upon photoreceptor stimulation will be 
provided. 
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6.2. MATERIALS AND METHODS 
6.2.1. Slice preparation and recordi11g protocol 
Slices were prepared for recording as before (see section 3.2.2). A suitable evoked 
field potential was found and a baseline response measured by stimulating at low 
frequency (0.02Hz) for 5-I Omin. As soon as the recordings stabilised from this value 
was taken as the baseline. At this point an input-output series of data was obtained 
(following the stimulation and recording protocol in section 3.2.3) before the ASW 
was switched to an ASW solution containing the test drug at the required 
concentration. The drug was bath applied in this manner for periods of up to 40min. 
Input-output series were generated every lOmin. The slice was then washed with 
ASW for periods of up to 40min and further input-output series generated at regular 
intervals. 
6.2.2. Drug Preparatio11 
The majority of the bath applied drugs were cholinergic antagonists, although other 
antagonists of neurotransmitters suspected to be involved in the visual pathway were 
also tried. Stock solutions of the drugs ( IOOmM to I mM) were made either on the 
day of the experiment or previously (depending on the substance being tested). The 
solutions were usually made in nanopure water and added to the ASW before the 
experiment to make the desired concentration. Some drugs, notably the high 
molecular weight bioactive peptides (alpha-bungarotoxin and methylcaconicitine 
perchlorate) were dissolved in nanopure water, aliquoted and stored at-20°C). The 
drugs used were the nicotinic acetylcholine receptor antagonists, (d-tubocurarine, 
mecamylamine, lmidacloprid, alpha-bungarotoxin, methylcaconicotine perchlorate, 
gallamine, di-hydrobeta erythroiodine DHPE) the muscarinic acetylcholine receptor 
antagonists (Atropine Sulphate, Scopolamine), the GABA antagonist (bicuculline), 
the dopamine D2 receptor antagonist (Sulpiride) and the 5-hydroxytryptamine 
antagonist (methysergide maleate). The acetylcholinesterase inhibitor, eserine, was 
also bath applied at various concentrations for various periods of time. 
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6.3. RESULTS 
6.3.1. Bath perfusion ofplrarmacological agents 
A number of different pharmacological agents were bath applied at various 
concentrations and for varying periods of time in an attempt to elucidate the identity 
of the neurotransmitter released from the presynaptic retinal photoreceptor terminals 
in response to their depolarisation, the results are summarised in table 6.2. 
6.3.1.1. Muscarinic Antagonists 
Substances (atropine & scopolamine) used, as muscarinic acetylcholine receptor 
antagonists in vertebrates had no discernable effects upon evoked field potentials 
recorded from layer 3a. Figures 6.1 and 6.2 show the effects of the bath perfusion of 
lOI!M atropine sulphate and scopolamine respectively, for different periods of time. 
Figure 6.1A clearly shows the lack of effect of atropine perfusion upon the different 
components of the layer 3a EFP. Input-output curves (figs 6.1A & B) generated 
during perfusion of IOI!M atropine demonstrated that neither the photoreceptor fibre 
volley (PFV) nor the field postsynaptic potentials (FPSPs) were affected by atropine. 
Figure 6.2 shows a similar lack of effect of scopolamine on the EFP. Only two 
muscarinic antagonists were tried and neither antagonised the postsynaptic receptors 
to the presynaptic retinal photoreceptor terminals. 
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Table 6.2. Summary of the concentration and duration of the bath application of 
neuroactive agents tested on the evoked field potential recorded from layer 3a of the 
OCfOf!_US Of!.tic lobe slice f!_ree.aration. 
Drug Mode of action Cone". NI'. of Effect on the EFP 
(~M) Expts. Presynaptic' Postsynaptic 
Atropine MAChRA I 2 No effect No effect 
sulphate 10 2 No effect No effect 
100 2 No effect No effect 
Scopolamine MACh RA I 3 No effect No effect 
10 3 No effect No effect 
100 3 No effect No effect 
d-TBC NAChRA I 3 No effect No effect 
10 3 No effect No effect 
100 3 No effect No effect 
Gallamine NAChRA I 2 No effect No effect 
10 2 No effect No effect 
100 2 No effect No effect 
Hexamethonium NAChRA I 3 No effect No effect 
chloride 10 3 No effect No effect 
100 3 No effect No effect 
Mecamylamine NAChRA I 2 No effect No effect 
10 2 No effect No effect 
100 2 No effect No effect 
a-bungarotoxin NAChRA I 3 No effect No effect 
5 2 Increase Partial block 
7.5 2 Increase Com12Iete block 
Imidacloprid NAChRA I 2 No effect No effect 
10 2 No effect No effect 
100 2 No effect No effect 
MCNP NAChRA I Unclear Unclear 
10 Unclear Unclear 
DH~EI NAChRA 3 No effect No effect 
10 3 No effect No effect 
100 3 No effect No effect 
Eserine sulphate AChEI 25 3 No effect Increase 
50 3 No effect Increase 
75 3 No effect Increase 
100 3 No effect Increase 
Methysergide 5-HTRA I No effect No effect 
maleate 10 No effect No effect 
100 No effect No effect 
Sulpiride DD2RA I No effect No effect 
10 I No effect No effect 
lOO I No effect No effect 
Bicuculline GAB ARA 10 2 No effect No effect 
'Amplitude of the PFV (Pl 3,-NI 3,) 
b Amplitude of the FPSP (N33,) 
d·TBC, d-Tubocurarine hydrochloride; MCNP. Methyllcaconicotine perchlorate; DH~E. Dihydro-
beta-erythroiodine; NAChR, nicotinic acetylcholine receptor antagonist; MAChR, muscarinic 
acetylcholine receptor antagonist; GABARA, Gamma-amino butyric acid receptor antagonist; AChEI, 
acetylcholinesterase inhibitor; 5-HTRA, 5-hydroxytryptamine receptor antagonist; DD2RA, dopamine 
02 receptor antagonist. 
227 
(A) 
20mS 
N33a 
> e 
V') 
0 
2 
(C) 6 
,....._ 5 ;> 
E 
......., 
Q) 
"0 4 .~ 
P.. 
~ 3 ,....._ 
.. 
(") ..... 
6 
p., 2 (/) 
c. 
...... 
2 
3 4 5 6 7 8 9 10 
Stimulation amplitude (m V) 
4 6 8 10 12 14 16 18 20 22 
N3Ja PFV amplitude (mV) 
Figure 6.1. Effects of the MAChR antagonist, atropine sulphate, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic 
nerve bundle. (A) Recordings taken before (upper trace), after 20 mins lOJ.LM atropine sulphate (middle trace) and after a 20 minute ASW wash (lower trace). 
(B) Input -output curves demonstrating the lack of effect of atropine sulphate (1 OJ.LM) on the PFV. (C) Input-output curves demonstrating the lack of effect of 
atropine sulphate (10J..1.M) on the FPSP (N33.). Black, control; red 20 mins IOJ.LM atropine sulphate; blue, 20 mins ASW wash. 228 
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Figure 6.2. Effects of the MAChR antagonist, scopolamine, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic nerve 
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6.3.1.2. Nicotinic Antagonists 
A number of different substances, that have routinely been used to antagonise 
vertebrate nicotinic acetylcholine receptors, were bath applied in an attempt to block 
the postsynaptic components of the layer 3a EFP. The majority of these substances 
had no discernable effect upon the evoked field potentials recorded from layer 3a of 
the optic lobe slice after electrical stimulation of a single optic nerve bundle. Figures 
6.3-6.7 demonstrate the lack of effect of d-tubocurarine, gallamine, hexamethonium, 
mecamylamine, and imidacloprid (all known vertebrate nicotinic acetylcholine 
receptor antagonists) on the layer 3a EFP. These substances demonstrated no effects 
on either the PFV or the FPSPs at any of the concentrations and peifusion periods 
used. 
The action of Methyllcaconicotine perchlorate, a high molecular weight peptide that 
binds to the same receptor sites as alpha-bungarotoxin, on the postsynaptic 
components was only investigated once. The results for this experiment were 
unclear as errors occurred during the experiment. Methyllcaconicotine perchlorate 
was added to the recording chamber and the perfusion stopped. Unfortunately 
evaporation of the extracellular solution rendered the results unusable. 
Dihydrobetaerythroiodine (DH~E) did, however, show some effects on the layer 3a 
EFP (figure 6.8). The perfusion of 10~ DH~E reduced the amplitude of the FPSP; 
N33a (figure 6.8A). This would be consistent with it acting as a nicotinic antagonist 
and binding to postsynaptic acetylcholine receptors. However the presence of 10~ 
DH~E also caused the production of a new, very long lasting postsynaptic 
component (figure 6.88). This component, which was abolished by CFASW 
perfusion (not shown), could last for periods of up to three seconds. The reduction in 
the amplitude of the FPSP amplitude with DH~E peifusion was not related to any 
alteration in the fibre volley amplitude (figs. 6.8C & D ). It is unclear as to the 
pharmacological reason for the production of such a long lasting postsynaptic 
component after DH~E perfusion. 
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Alpha-bungarotoxin (a-bgt) is a large chain peptide, isolated from the Taiwanese 
Krait. It is a potent, irreversible nicotinic antagonist and works particularly well in 
many mammalian preparations, especially at the neuromuscular junction. With 
perfusion of 7.5~ a-bgt the FPSPs are completely abolished, after a 20 minute 
ASW wash the postsynaptic components returned to their initial amplitudes (see 
figure 6.9A). The input-output curves generated during the addition of 5 and 7.5J..l.M 
a-bgt suggest that the PFV is increased in amplitude and with a subsequent ASW 
returns to its previous amplitude (fig. 6.98). This alteration in the PFV input-output 
curves with a-bgt perfusion has no effect on the amplitude of the FPSPs (N33a). 
Perfusion of 5~ a-bgt causes a slight downward shift in the PFV/FPSP input-
output curve and a much larger downward shift with 7 .5J..l.M. This suggests that 
increasing the a-bgt concentration from 0 to 5~ partially antagonises the 
postsynaptic receptors to the retinal photoreceptor axon terminals and that increasing 
the concentration to 7.5~ all but abolishes the postsynaptic components. Unlike 
mammalian preparations alpha-bungarotoxin appears to be reversibly bound to 
nicotinic acetylcholine receptors as the FPSP amplitudes return close to normal with 
an ASW wash . 
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Figure 6.3. Effects of the NAChR antagonist, d-tubocurarine, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic 
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Figure 6.5. Effects of the NAChR antagonist, hexamethonium, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic 
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Figure 6.6. Effects of the NAChR antagonist, mecamylamine, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic 
nerve bundle. A) Recordings taken before (upper trace), after 20 mins 101-LM mecamylamine (middle trace) and after a 20 minute ASW wash (lower trace). 
(B) Input -output curves demonstrating the lack of effect of mecamylamine (lOf.lM) on the PFV. (C) Input-output curves demonstrating the lack of effect of 
mecamylamine (lOf.lM) on the FPSP (N338) . Black, control; red 20 mins lOf.lM mecamylamine; blue, 20 mins ASW wash. 235 
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Figure 6.7. Effects of the NAChR antagonist, imidacloprid, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic 
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6.3.1.3. Acetylcholinesterasre inhibitors 
The perfusion of eserine, the acetylcholinesterase inhibitor, did not appear to affect 
the presynaptic PFV but did increase the amplitude of the FPSPs. Figure 6.1 OA 
shows a short duration recording in normal ASW and with 50 and 751-LM eserine 
perfusion for 20 minutes. The amplitude of the FPSPs (N23a. N338 and N4Ja) are all 
markedly increased by the addition of 50!1M eserine. A further increase from 50!1M 
to 751-LM eserine results in an additional increase in FPSPs amplitude. The duration 
of postsynaptic activity is also increased (see figure 6.108) with FPSP activity being 
detected up to 2S after stimulation when 751-LM eserine was present extracellularly. 
Per fusion of eserine at any concentration did not effect the presynaptic PFV. This 
can be seen in figure 6.11A; the input-output curves are relatively unaltered. The 
alteration in FPSP amplitude is unrelated to any effect on the PFV. Figures 6.!18-D 
are input-output curves generated for FPSP amplitude (N23a, N33a and N43a 
respectively) with different concentrations of eserine perfused (25, 50 and 751-LM). 
Upwards shifts of the input-output curves can be seen for all FPSPs. Each 
incremental increase in eserine concentration results in a further upward shift of the 
input-output curve indicating a greater FPSP amplitude for the same size PFV 
amplitude. The percentage increase in amplitude of the FPSPs appear to be related to 
the extracellular concentration of eserine in a dose-dependent manner, the PFV 
amplitude is however unaffected (see figure 6.12). 
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Figure 6.10. Effects of the perfusion of the acetylcholinesterase inhibitor, eserine sulphate, 
on the EFP recorded from the layer 2b/3a border of the OLS after orthodromic stimulation of 
a single optic nerve bundle. (A) Effects of eserine perfusion on the early components of the 
EFP. (B) Effects of eserine perfusion on the late components of the EFP. Note the increase 
in amplitude of the postsynaptic components of the evoked field potential and the lack of 
amplitude alteration of the PFV. Also with 751!M eserine the postsynaptic components are 
of very long duration. Black, control; red, 501!M eserine; blue, 75J.!M eserine. 
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Figure 6.11. Input-output curves demonstrating the effects of the acetylcholinestrase 
inhibitor eserine sulphate (ES), on the layer 2b EFP recorded after orthodromic 
stimulation of a single optic nerve bundle. (A) UO curves showing lack of effect of ES 
perfusion on the PFV. (B-D) 1/0 curves showing the increase in amplitude of the FPSPs 
(N22h. N32b and N42b respectively). The amplitudes of the N32b and N42b components do 
not increase as much as the N22b component with increasing ES concentrations. Black, 
control; red, 10~ ES; blue, 25J.!M; green, ES 50~. 
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Figure 6.12. Dose-response curves for increase in FPSPs amplitude with increasing 
eserine sulphate concentration. The amplitude of the PFV is unaltered by the 
increasing eserine concentration from 0 to 75J.!M. The amplitude of the first 
postsynaptic component (N23a) is increased the most with increases of approximately 
200% being found with 75J.!M eserine. The two later postsynaptic components (N33a 
and N43a) are also increased with increasing extracellular eserine concentration 
(approximately 75 and 37% respectively). Black, PFV; red, N233; green, N33a; blue, 
N43a· Data expressed as mean (n=4) percentage increase±S.E. 
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6.3.1.4. Antagonists to other putative neurotransmitters 
Substances known to antagonise receptors in vertebrate neuronal membranes of 
putative neurotransmitters that have previously been localised in the cephalopod 
optic lobe cortex were bath perfused at various concentrations and for varying 
periods of time. The 5-hydroxytryptamine antagonist, methysergide maleate, the 
dopamine 02 receptor antagonist, sulpiride and the GABA antagonist, bicuculline 
were all bath perfused (concentrations 1-100~) for periods of up to 40 minutes. 
Figures 6.13 - 6. 15 show the effects of bath perfusion of l 0~ methysergide 
maleate, sulpiride and bicuculline respectively. The lack of effect of these 
substances on either the presynaptic fibre-volley or the postsynaptic FPSP can 
clearly be seen. 
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Figure 6.13. Effects of the 5-HT receptor antagonist, methysergide maleate, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a 
single optic nerve bundle. (A) Recordings taken before (upper trace), after 20 mins 10~ methysergide maleate (middle trace) and after a 20 minute ASW 
wash (lower trace). (B) Input -output curves demonstrating the lack of effect of methysergide maleate (lO)JM) on the PFV. (C) Input-output curves 
demonstrating the lack of effect of methysergide maleate (1 O~M) on the FPSP (M33a)· Black, control; red 20 mins 1 O~M methysergide maleate; blue, 20 mins 
ASWwash. 244 
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Figure 6.14. Effects of the DD2R antagonist, sulpiride, perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic nerve 
bundle. (A) Recordings taken before (upper trace), after 20 mins lOJ..LM sulpiride (middle trace) and after a 20 minute ASW wash (lower trace). (B) Input 
-output curves demonstrating the lack of effect of sulpiride (lOJ..LM) on the PFV. (C) Input-output curves demonstrating the lack of effect of sulpiride 
{lOJ..LM) on the FPSP (M33.). Black, control; red 20 mins IOJ..LM sulpiride; blue, 20 mins ASW wash. 245 
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Figure 6.15. Effects of the GABA antagonist bicuculline perfusion on the EFP recorded from layer 3a after orthodromic stimulation of a single optic nerve 
bundle . (A) Recordings taken before (upper trace), after 20 mins lOf..LM bicuculline (middle trace) and after a 20 minute ASW wash (lower trace). (B) 
Input -output curves demonstrating the lack of effect of bicuculline (lOf..LM) on the PFV. (C) Input-output curves demonstrating the lack of effect of 
bicuculline (lOf..LM) on the FPSP (M33a). Black, control; red 20 mins lOf..LM bicuculline; blue, 20 mins ASW wash. 246 
6.4. DISCUSSION 
6.4. I. Identity ofputative neurotransmitter 
The resulls from the electrophysiological experiments, designed to test the 
hypothesis that acetylcholine is the transmitter released from the cephalopod retinal 
photoreceptor terminals, provided physiological evidence that the retinal 
photoreceptors are cholinergic. The bath perfusion of a number of muscarinic 
(atropine, scopolamine) and nicotinic (d-TBC, gallamine, hexamethonium, 
mecamylamine, and imidacloprid) antagonists as well as the large peptide 
neurotoxins, alpha-bungarotoxin (a-bgt} and methyllcaconicotine perchlorate 
(MCNP) (which also act as nicotinic antagonists) was designed to abolish 
postsynaptic components of the layer 3a EFP. This would effectively provide 
physiological evidence that acetylcholine is the photoreceptor neurotransmitter. 
Allhough the majority of nicotinic antagonists bath perfused over the slice had no 
effect on the EFP (neither the presynaptic PFV nor the postsynaptic FPSPs), alpha-
bungarotoxin completely abolished the postsynaptic components of the evoked field 
potential. The nicotinic antagonists used throughout this study have classically been 
used to antagonise acetylcholine receptors on vertebrate (particularly mammalian) 
neurons. Neurotransmitters appear to be phylogenetically conserved throughout the 
animal kingdom, and appear to originate from a helminth ancestry some 1000 million 
years ago (Walker et al., 1996). However, Walker & Leake (1980) state that 
although the transmilter molecules do not appear to have altered during evolution, 
receptor molecules probably have. There is iio evidence suggesting that the receptor 
subunits present in cephalopods are the same as in mammalian central nervous 
systems and that they are classically antagonised by the same substances. The resulls 
found in this study are therefore not indicative of the first synapse in the cephalopocl 
visual system being non-cholinergic. 
DH~E partially reduced the amplitude of the FPSPs independently of any alterations 
of the PFV. However DH~E also caused a new, previously unseen, postsynaptic 
component to develop. This new component was postsynaptic in origin as it was 
abolished with OmM [Ca2+lext· However the exact mode of action of DH~E on the 
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postsynaptic membranes is unclear from these investigations. Alpha-bungarotoxin 
caused a decrease in FPSP amplitude at low concentrations and a complete block at 
higher concentrations. This would suggest that acetylcholine is the transmitter 
released by the presynaptic terminals. 'Phe addition of 5J.1M alpha-bungarotoxin to 
the recording chamber reduced the amplitude of the FPSPs. This reduction was 
further augmented by increasing the extracellular concentration to 7.5J.1M. With the 
higher alpha-bungarotoxin concentration ·the FPSPs were effectively abolished. This 
would suggest a dose-dependent relationship between the external alpha-
bungarotoxin concentration and FPSP amplitude. The slight increase in fibre volley 
amplitude with the addition of alpha-bungarotoxin to the recording chamber could be 
clue to a number of reasons. The alpha-bungarotoxin could be affecting presynaptic 
channels leading to altered action potentials. What is more likely is that altered 
perfusate levels in the chamber leads to an altered current now within the recording 
chamber and a subsequent change in fibre volley amplitude. The reduction and 
abolishment of the FPSPs with increasing extracellular alpha-bungarotoxin 
concentration provides physiological evidence that acetylcholine is the sensory 
neurotransmitter released from the retinal photoreceptor terminals after their 
stimulation. 
Eserine is an acetylcholinesterase inhibitor. The addition of eserine to the perfusate 
should block the degradati:ve pathway that converts acetylcholine into acetyl CoA 
and choline within the synaptic cleft. If this pathway is inhibited, field postsynaptic 
potentials, that are caused by the presynaptic release of acetylcholine, should be 
enhanced. During this study the bath application of eserine caused an increase in the 
amplitude of all FPSPs. This increase was dose-dependent; increasing the external 
eserine concentration produced an augmented FPSP amplitude. This addition of 
eserine left the fibre volley unaffected. Input-output data also suggested that the 
addition of eserine was causing the increase in FPSPs amplitudes directly and not by 
affecting the presynaptic response in any way. The addition of eserine, and the 
subsequent inhibition of the cholinergic degradative pathway, should also increase 
the duration of postsynaptic activity as acetylcholine is left in the synaptic cleft. This 
was found during this study with FPSPs of greatly enhanced duration. This 
pharmacological action of the acetylcholinesterase inhibitor, eserine, on the octopus 
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optic lobe slice evoked field potential also provides additional physiological 
evidence· that acetylcholine is the sensory transmitter released from retinal 
photoreceptor cells. 
The physiological data obtained dming this study agree with the pool of 
histochemical, biochemical and ultrastructural data that strongly suggest 
acetylcholine is the likely candidate for photoreceptor neurotransmitter in the 
cephalopod visual system. 
6.4.2. Comparison with other invertebrates. 
In invertebrates there have been at least four substances proposed as being 
photoreceptor neurotransmitter candidates; these are acetylcholine, histamine, GABA 
and taurine (see table 63). If the neurotransmitter released from the presynaptic 
retinal photoreceptor terminals in the cephalopod optic lobe plexiform zone is 
acetylcholine and excitatory in nature this would be in marked contrast with the 
majority of published information on invertebrate photoreceptor neurotransmitters. 
Table 6.2 shows a summary of information describing the nature of the 
neurotransmitter, at various synapses between invertebrate photoreceptor cells and 
second order visual neurons. The majority of published information is concerned 
with arthropods and most noticeably the insecta. 
Throughout the arthropod phyla histamine appears to be the most likely candidate for 
·the role .of photoreceptor neurotransmitter. Immunohistochemical techniques have 
localised histamine in the photoreceptors of a number of species (Callaway et al., 
1989; Nassel et al., 1988; Pirvola et a/, 1988; Schlemermeyer et al., 1989; Schmid & 
Dunker, 1993). Electrophysiological experiments have concluded that histamine 
released at the insect photoreceptor synapse causes a hyperpolarisation 111 the 
postsynaptic cell which is comparable to the effects of illumination of the 
presynaptic cell (Hardie, 1987, 1988). Also specific histamine antagonists suppress 
light evoked responses in neurons postsynaptic to the illuminated photoreceptor cells 
(Call away & Stuart, 1989b ). In addition to this physiological evidence high 
concentrations (Eiias & Evans, 1983; Battelle et al., 1989) and high synthetic 
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activities (Elias & Evans, 1983; Battelle et al., 1989; Callaway & Stuart, 1989a) of 
histamine have been demonstrated in arthropod eyes. 
Gamma amino butyric acid (GABA) has also been proposed as the photoreceptor 
neurotransmitter in some invertebrate species. Datum et al., ( 1986) demonstrated 
immunohistochemically the presence of GABA and its synthetic enzyme glutamic 
acid decarboxylase (GAD) in R7 photoreceptors of a dipteran compound eye. Also 
the GABA content in these neurons was increased by dark adaptation and by 
blocking the GABA degradative pathway (by blocking GABA transaminase). 
GABA has also been proposed as a neurotransmitter candidate for barnacle 
photoreceptors (Koike, 1983). Later evidence has, however, suggested that it is not 
GABA that causes the hyperpolarisation of cells postsynaptic to the barnacle 
photoreceptors but histamine (Timpe & Stuart, 1984; Callaway & Stuart, 1989a,b,c). 
Taurine has been demonstrated biochemically and immunohistochemically to be 
present in crustacean (Pi cones et al., 1992) and insect (Bicker, 1991, 1992) 
photoreceptors. There appears to be no physiological evidence to elucidate the role 
of taurine in the visual system of these arthropods. 
Acetylcholine has been electrophysiologically demonstrated to be involved in the 
dragonfly visual system and has been proposed as an inhibitory photoreceptor 
neurotransmitter (Kiingman & Chappel, 1978). A report comprising biochemical, 
ultrastructural, physiological and histochemical evidence has been published that 
suggests that acetylcholine is the neurotransmitter released by photoreceptors of the 
nudibranch Hermissenda crassicomis. (Heldmann et al., I 979). Acetylcholine was 
synthesised and accumulated by isolated eyes; electron microscopy of the 
photoreceptor cells from the eyes also showed the presence of vesicles that are 
consistent with the synthesis and storage of acetylcholine. Specific acetylcholine 
nicotinic agonists (carbachol and nicotine) hyperpolarised photoreceptor cells, these 
photoreceptor cells are pre- and postsynaptic to each other. In addition, 
acetylcholinestrase staining was present in regions of the photoreceptors terminal 
branches 
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Table 6.3. Putative neurotransmitters of vertebrate photoreceptor cells. 
Class Species Photoreceptive Putative Neurotransmitter and Mode of action 
element Excitatory Inhibitory Not reported 
Osteichthyes Morone americana. RPs Glutamate 
Neocerarodus forsteri RPs Taurine 
Onchorhxnk.us mxkiss Pineal organ Acetylcholine 
Crassius aurarus RPs G I utamatelapartate 
Eugerres plumeiri RPs Glutamate/aspartate 
RPs Glutamate 
Rods Glutamate 
Onchorhyncus nerka Pineal organ Serotonin 
Serotonin 
Cyprinus CYPrio RPs Glutamate, Aspartate 
Necturus ma.culosus RPs Glutamate 
Rutilus rutilus RPs Glutamate 
Mud puppy Glutamate, Aspartate 
Amphibia Tiger salamander Glutamate 
Xenopus laevis Rods & Cones Glycine 
RPs Serotonin, Melatonin 
Ambystoma mexicanus RPs Glutamate 
Reptilia Geoclemys reevesii Cones Acetylcholine 
Rods & Cones Glutamate 
RPs Acetylcholine 
Chama.eleo chamaeleo Cones GABA 
Lizard Cones GABA 
Aves Chicken Glutamate 
Mammalia Macaque monkey Rods and Cones Glutamate Glycine 
Cones Glycine 
Cat RPs Glutamate 
Rods & Cones Glutamate, Aspartate 
M.mularra ,M.fascicularis Rods & Cones GABA 
Rabbit Rods GABA, glycine 
Reference 
Pow (198l 
Knapp et al. (1990/ 
Marc et al. ( l995i 
Brandstetter et al. (1995)2 
Laufer et al. (19962) 
Lasater ( 1991 )2 
Ekstroem & Ebbe son ( 1989) 1 
Nan Veen et al., ( 1984) 1 
Takahashi & Copenhagen ( 1992)2 
Ariel er al. (1986)2 
Rowe & Ruddock (1982) 
Miyachi et al. ( 1987)2 
Slaughter & Miller (1983r 
Smiley & Yazulla (1990)1 
Green et al., (1995)3 
Sarantis & Mobbs ( 1992)4 
Attwell et al. ( 1987l 
Criswell & Brandon (1992)2 
Lam et al., (1976)3 
Copenhagen & Jahr (1989)1 
Engbretson et al. ( 1988)3 
Bennis & Vesaux-Boneri (1995)1 
Kalloniatis & Fletcher ( 1993)1 
Martin & Gruenert (1992)1 
De-La-Villa et al. (1995)2 
Jojich & Pourch (1996)1 
Nishimura et al. ( 1986) 1 
Gillette & Dacheux ( 1995)2 
Primate Cones Glutamate Sarthy et al. ( 1986)1.5 
1, immunocytochemical localisation; 2, physiological role report; 3, biochemical localisation; 4, electron-microscopical localisation; 5, 
autoradiographicallocalisation. Rps, retinal photoreceptors. 
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Table 6.4. 
Class 
Insecta 
Putative neurotransmitters of invertebrate photoreceptor cells. 
Species Photoreceptive Putative Neurotransmitter and Mode of action 
element Excitatory Inhibitory Not reported 
Musca domestica, CEPRs Histamine 
M. domestica 
Tipula paludosa, Drosophila 
melanogaster, M. Domestica, 
Calliophora. Erythrocephala, Lucilia 
sericara 
CEPRs 
OPRs 
Histamine 
Histamine 
Reference 
Hardie (1987)2 
Hardie ( I. 988)2 
Skingsley et al. ( 1995)2 
Musca domestica, C. erythrocephala CEPRs Histamine Nassel er al. (1988) 
D. melanogaster CEPRs Histamine Sarthy (1 991)2· 3 
Locusta locusta CEPRs Histamine Schlemermeyer et al. (1989) 1• 2 
Musca domestica CEPRs Histamine Hardie ( 1989i 
Periplaneta americana CEPRs Histamine Pirvola et al. ( 1988)1. 3 
honeybee CEPRs Taurine Bicker (1992)1 
C. erythrocephala CEPRs GABA Datum et al. (1986)1 
Musca domestica OPRs GABA Campos-Ortega F974)5 
P. americana OPRS Histamine Lin et al. (1990) 
D. melanogaster, L. locusta CEPRs & OPRs Taurine Bicker (1991,)1 
L. locusta CEPRs Histamine Elias & Evans. 1983)2 
L. locusta CEPRs Histamine Elias & Evans (1984i 
Dragonfly OPRs Acetylcholine Klingman & Chappel (1978)2 
Crustacea Balanus nubilus OPRs Histamine Callaway & Stuart (1989f 3 
B. nubilus OPRs GABA Koike ( 1983)2 
B. nubilus OPRs Histamine, GABA Callaway et al. (1989)1 
Hommarus gammarus OPRs Histamine Claiborne & Severston (1984)2 
Procambarus clarkii VS Taurine Picones et al. (1992)3 
Limulus polyphemus VNPs Histamine Battelle et al. (1991)3 
L. polyphemus VNPs Octopamine, GABA Battelle et al. (1979i 
Mollusxa Hermissenda crassicornis PRs Acetylcholine Heldman et al., (1972)1.2· 3•4 
1, immunocytochemical locali ation; 2, physiological role report; 3, biochemical localisation; 4, electron-rnicroscopical localisation; 5, 
autoradiographical localisation. CEPRs, compound eye photoreceptors; OPRs, ocellar photoreceptors; VS, visual system; PEPRs principal eye 
photoreceptors; SEPRs, secondary eye photoreceptors. 
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The published data elucidating the identity of the transmitter from sensory neurons in 
invertebrate visual systems suggests that histamine, not acetylcholine, is the 
substance involved. However the majority of this information is concerned with the 
Arthropoda, a distinct phyla from the Mollusca. There appears to be little evidence 
concerning photoreceptor neurotransmitters from other phyla in the invertebrate 
kingdom. The available data concerning non-arthropod photoreceptor transmitters 
appears to be concerned with the Mollusca, most notably the coeloid cephalopods. 
One report on the nudibranch Hennissenda crassicomis, provides histochemical, 
ultrastructural, physiological and biochemical evidence that acetylcholine is the 
transmitter released by their photoreceptor cells. Previous biochemical (Lam et al., 
1974), histochemical (for review see chapter seven), and ultrastructural (Tonosaki, 
1965; Gray 1970) evidence has suggested that acetylcholine is the cephalopod visual 
system sensory cell transmitter substance. There is no reason why different phyla 
within the invertebrate kingdom should utilise the same substance as sensory 
neurotransmitters. The strong evidence that arthropods use histan1ine as 
photoreceptor neurotransmitters should therefore not detract from the strong 
evidence that cephalopod retinal photoreceptors release acetylcholine upon 
illumination. 
6.4.3. Comparison with vertebrates 
Vertebrates appear to utilise the excitatory amino acids (particularly glutamate) as 
the neurotransmitter a! the first synapse in their visual pathways (see table 6.4). 
Immunohistochemical, biochemical and electrophysiological evidence have all been 
provided to suggest that glutamate is the primary excitatory neurotransmitter released 
by vertebrate photoreceptors after illumination. The use of glutamate also seems to 
be evolutionarily unaffected across the classes; with lower vertebrates such as fish 
and amphibians as well as higher vertebrates such as the primates all utilising it. 
There is also evidence for the inhibitory amino acids GABA and glycine being 
present in some vertebrate presynaptic terminals and that their release produces 
inhibitory respones in postsynaptic cells. Also in the teleost pineal organ· both 
serotonin (Nan Veen et al., 1984; Ekstroem & Ebbesson, 1989) and acetylcholine 
(Brandstetter et al., 1995) have been localised. 
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The role of acetylcholine as a transmitter for vertebrate photoreceptor cells is 
unlikely. There is one immunohistochemical report of acetylcholine localisation in 
turtle retinal photoreceptors (Lam, 1976) and one report that similar cells were 
capable of synthesising acetylcholine (Lam et al., 1972). Apart from these reports 
there appears to be no more evidence to suggest that acetylcholine plays a role in 
synaptic transmission from vertebrate photoreceptor cells. However, evidence 
demonstrating that turtle retinal photoreceptor cells released excitatory amino acids 
upon stimulation was elegantly provided by Copenhagen & Jahr (1989). Using an 
outside-out patch of rat hippocampal neurones located closely ( -2Jlm) to an isolated 
photoreceptor cell that could be electrically stimulated, Copenhagen & Jahr (1989) 
showed that upon electrical stimulation of the photoreceptor cell the release of 
endogenous excitatory amino acids occurred. 
It is clear that vertebrates use glutamate, not acetylcholine, as their photoreceptor 
neurotransmitter. Although there has been a definite case of convergent evolution 
between the structure and function of cephalopod and vertebrate eyes, it is also clear 
that a difference exists between the nature of the substance that passes information 
from photoreceptors to subsequent neurons in the visual pathway. The two 
substances (glutamate in vertebrates, acetylcholine in cephalopods) appear to have 
similar roles in transmitting visual information, via phototransductve mechanisms, to 
the rest of the central nervous systems. 
6.4.4. Future work 
Although this study provides the first physiological evidence to support the previous 
circumstantial data proposing acetylcholine as the neurotransmitter released from the 
presynaptic retinal photoreceptors in the optic lobe plexiform zone, further work is 
required to conclusively prove that this is the case. Studies using antagonists and 
agonists used in conjunction with intracellular impalements of cells, known to be 
postsynaptic to the photoreceptor cells, are required. Until the action of agonists 
(and acetylcholine itself) on neurons postsynaptic to the photoreceptor neurons can 
be understood the identity of the transmitter candidate cannot be conclusively 
proven. 
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CHAPTER 7: HISTOCHEMICALAND 
IMMUNOHISTOCHEMICAL LOCALISATION OF PUTATIVE 
NEUROTRANSMITTERS AND THEIR RELATED ENZYMES IN 
THE CEPHALOPOD OPTIC LOBE 
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7.1. INTRODUCTION 
There is considerable evidence implicating a variety of different substances as 
possible neurotransmitters in the cephalopod optic lobe. Histochemical and 
immunohistochemical localisation, as well as biochemical and physiological data, 
indicate that acetylcholine, dopamine, noradrenaline, 5-HT, tyramine, glutamate, 
aspm1ate, substance-P, and somatostatin are possible neurotransmitter candidates. 
Simple biochemical extractions have produced varied concentrations of a number of 
putative neurotransmitter substances. Acetylcholine has been localised within 
cephalopod optic lobes in a number of species including both octopods (Fiorey, 1963; 
Loe & Florey, 1966; Florey & Winesdorfer, 1968; Argawal et al., 1972) and 
decapods (Feldberg et al., 1951; Heilbronn, 1971; Welsch & Dettbarn, 1972). As 
well as the presence of acetylcholine, the enzyme involved in the its synthesis, 
cho1ineacetyltransferase (ChAT) (Nachmansohn & Weiss, 1948; Welsch & Dettbarn, 
1972; Hussain & Mautner, 1973) and the degradative enzyme acetylcholinesterase 
(AChE) (Nachmansohn & Meyerhoff, 1941; Welsch & Dettbarn, 1972) involved in 
cholinergic synaptic transmission, have both been localised within the cephalopod 
optic lobe. Biogenic amines have also been found within the optic lobes of a number 
of species. These amines include dopamine and noradrenaline (Jurio, 1971; Jurio & 
Killick, 1972; Jurio & Philips, 1976; Kime & Messenger, 1990), octopamine (Jurio & 
Molinoff, 1974; Jurio & Philips, 1976), tyramine (Jurio & Philips, 1976), histamine 
(Roseghini & Ramorino, 1970) tryptamine (Jurio & Philips, 1976) and 5-HT (Jurio, 
1971; Jurio & Killick, 1972; Jurio & Philips, 1976). Feldman & Dowdall (1973) 
have also shown that squid optic lobe synapses actively uptake labelled 5-HT {'H-5-
HT). Within the optic lobe, the putative amine neurotransmitter dopamine has been 
found in the greatest concentrations, with 5-HT and noradrenaline being found in 
lower but similar concentrations (5-HT being marginally higher). The remaining 
substances are found in relatively low concentrations (see Table 7 .I). The 
localisation of the synthetic enzymes tyrosine hydroxylase, DOPA carboxylase and 
dopamine P-hydroxylase has been demonstrated in cephalopods by the conversion of 
radioactively labelled tyrosine and DOPA to dopamine and noradrenaline (Jurio & 
Barlow, 1973). Amine oxidase, the enzyme(s) responsible for the breakdown of 
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pharmacologically significant amines, has been demonstrated in the optic lobes, 
organs and renal appendages of a number of cephalopod species (Blaschko & 
Hawkins, 1952; Blaschko & Himms, 1954; Youdim et al., 1986). Homogenates from 
the optic lobe, containing amine oxidases, have been demonstrated to oxidise several 
amines including 5-HT, octopamine, tryptamine and tyramine (Blaschko & Philpot, 
1953; Blaschko & Himms, 1954; Youdim et al., 1986). Boadle (1969) also 
demonstrated an amine oxidase capable of degrading histamine in the renal 
appendages and optic lobes of E. cirrosa. Amino acids, known to act as either 
excitatory or inhibitory neurotransmitters, have been localised within cephalopod 
optic lobes. These include the putative excitatory amino acids glutamate (Cory & 
Rose, 1969; Osborne, 1972) and aspartate (Cory & Rose, 1969; D'aniello & Guidatto, 
1977) as well as the putative inhibitory amino acids GABA (Osborne, 1971; Cory & 
Rose, 1969) and glycine (Os borne, 1972). In addition taurine (Osborne, 1971 ), 
alanine (Cory & rose, 1969) and glutamine synthetase (Kleinschuster & Morris, 
1972) have also been localised. The concentrations of some of these transmitter 
candidates in the cephalopod optic lobe can be seen in table 7 .I. 
Histochemical evidence suggesting that acetylcholine is a neurotransmitter released at 
synapses within the cephalopod optic lobe has been provided for both octopod 
(Drukker & Schade, 1964, 1967; Barlow, 1977) and decapod (Heilbronn, 1971; 
Turpaev et al., 1968; Barlow, 1977) species, by specific acetylcholinesterase 
histochemistry. Formaldehyde-induced fluorescence of monoamines has suggested 
that noradrenaline, dopamine and 5-hydroxytryptarnine (5-HT) are all present within 
the cephalopod optic lobe (Tansey, 1980; Malus, 1973). In addition to the 
formaldehyde-induced fluorescence of 5-HT a number of more sensitive 
immunohistochemical reports have been employed to localise 5-HT-like 
immunoreactivity in the cephalopod optic lobe (Youdim et al., 1986; Kito et al., 
1990). In addition to these three reports on 5-HT within the optic lobe, reports 
demonstrating GABA (Cornwell et al., 1993), somatostatin, (Feldmann, 1986) and 
substance-P (Osborne et al., 1986) -like immunoreactivity have all been documented 
within the cephalopod optic lobe. 
There are few reports documenting the physiological effects of putative 
neurotransmitters on the cephalopod optic lobe. When micro-injected into the optic 
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lobe dopamine, noradrenaline and 5-HT produced complex motor effects (Chichery 
& Chichery, 1985) that are comparable to electrical stimulation of the same region 
(Chichery & Chichery, 1976). 
It is apparent that a number of substances fulfill some of the criteria required to 
conclusively identify them as neurotransmitters within the cephalopod optic lobe. 
However, there is a definite paucity of published data describing the 
immunohistochemical localisation of many of these candidates, with only 5-HT, 
substance-P, somatostatin and GABA being accounted for. The aims of this part of 
the study therefore are to attempt to localise immunoreactivity to some of these 
substances within the optic lobe. The synthetic enzyme ChAT will be the primary 
aim due to the known very high concentrations of acetylcholine in the optic lobe 
(Fiorey & Winesdorfer, 1966; Loe & Florey, 1966). 
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Table 7 .1. Concentration. of putative neurotransmitter substances and related enzymes biochemically localised from the cephalopod optic lobe 
Substance 
ACh 
AChE 
ChAT 
Dopamine 
NA 
5-HT 
Histamine 
Tyramine 
Octopamine 
AO 
GABA 
Glutamate 
0. vul aris 
15.00±l.l" 
13.70±1.2j 
4.53±0.2511 
5.30±1.<1 
5.90±0.6i 
1.3 1±0.17c 
0.74±0.15b 
£. cirrosa 
13.70±1.18 
3.73±0.28g 
6.02±0.368 
ll.O" 
6.0° 
Aspartate 10.7+1.9'' 8.4" 
Glutamine 2.2" 
Glycine 6.2° 
Taurine 85.0111 
Alanine 7. 7" 
GS 1 1.9'' 
S ecies 
E. moschata 0. bimaculatus D. i as O.sloanei S. o cianalis 
522' 
97.9 I 0-16' 
4.69±0.761 1.1 {I 12.30±l.lj 9.50±2.i 
3.90±0.191 2.50±0.7<1 L.50±0.4<Y 
4. 18±0.52' 3.70±0.6<1 3.50±l .o<Y 
0.55-0.7" 
0.54±0.1 1 c./ 2.21±0.30c 0.43±0.12 0.22±0.02c 
a, Roseghini & Ramorino (1 970); b, Juorio & Molinoff (1974); c Juorio & Molinoff (1974); d, Florey & Winesdorfer (1966), J.l.g ACh/mg protein. e, Agarwal 
et al. , ( 1972) activity /g dry tissue; f , Loe & Florey (1966), 1-1g ACh-Cl/wet wt, mg ACh-CIIlOOmg tissuelhr; g, Juorio (1971) ; h, Juorio ( 1971); i, Turpaev et 
al ., (1968) mrnols ACh/glhr; j , Kime & Messenger (1991); k, Welsch & Dettbarn ( 1972), mmoles/mg protein; I, Juorio & Philips ( 1976); m, Osborne (197 1) 
J.l.moles/g wet wt. tissue; n, Cory & Rose (1969) J.l.mo1es/g wet wt. tissue; o, Osborne (1972) J.lmoles/g wet wt. tissue; p, KJeinschuster & Morris (1972) 
!lmoles/g wet wt. tissue; D'aniello & Guidatto (1977) !lmoles/g wet wt. tissue. 
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7.2. MATERIALS AND METHODS 
7.2.1. lmmwwhistocllemistry 
7.2.1.1. Fixation 
Due to the seasonal nature of animal availability the immunohistochemical and 
histochemical localisation of putative neurotransmitters of four different species was 
attempted, these being Eledone cirrosa, Sepia officianalis, Loligo forbesii and 
Alloteuthis subulata. Optic lobes were excised from the animals as in section 3.2.1. 
Immediately after their removal the optic lobes were placed into fixative (all tissue 
was immersion fixed). Positive controls were undertaken upon immersion fixed rat 
brain sections. The fixation protocols used can be seen in table 7.2. After fixation 
the optic lobes were sectioned with either a cryostat or with a vibratome. 
Table 7.2. Fixation protocols used in the immunohistochemical localisation of 
putative neurotransmitters in the cephalopod optic lobe. 
Protocol Fixative Solvent Time (Hrs) Temp. (0 C} 
I 4% Para O.OIM PBS 4 4 
2 4% Para O.OIM PBS 4 Room 
3 4% Para+ 0.10% Glut O.OIM PBS 4 4 
4 4% Para+ 0.25% Glut O.OIM PBS 4 4 
5 4% Para O.OIM PBS 12 4 
6 4% Para+ 0.25% Glut O.OIM PBS 12 4 
7 4% Para + 0.25% Glut 0.0 I M PBS made up 4 4 
to I OOOmosm" 
8 Zamboni'sh O.OIM PBS 4 4 
9 Zamboni'sh 0.0 I M PBS made up 4 4 
to IOOOmosm" 
10 Bouin'sc O.OIM PBS 4 4 
11 Bouin'st· O.OIM PBS made up 4 4 
to I OOOmosm" 
"With NaCI 
" Made from 2% paraformaldehyde and 2% saturated picric acid 
c Made from 2% paraformaldehyde and 2% saturated picric acid 
7.2.1.2. Cryostat sectioning 
After fixation the optic lobes were placed into 20% sucrose solution (in PBS, pH 7 .4) 
and left overnight at 4°C. When the tissue had sunk in the sucrose solution it was 
snap frozen in liquid nitrogen for ten minutes. The frozen tissue was then 'glued' 
onto the chuck of a cryostat with sucrose solution. The chuck was maintained at a 
temperature of -25 to -35°C whilst the cryostat chamber was held at -25°C. Sections 
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were cut in one of three planes (transverse, sagittal and longtitudinal) at a thickness 
of between l0-54J.lm. Poly-1-lysine coated slides (B.D.H., U.K.) were held above the 
frozen sections, where-upon sections immediately traversed the gap to the slide and 
thawed onto the slide. Slides were than left to air dry for approximately one hour 
before being stored at 4°C until required. Processing was usually performed 
immediately. 
7.2.1.3. Vibratome sectioning 
Fixed optic lobes were washed overnight in PBS (pH 7.4) at 4°C before having one 
end removed with a broad scalpel blade to leave a flat surface. The flat surface was 
glued to the Teflon chuck of a vibratome with cyanoacrylate glue. The tissue was 
glued anterior to a piece of Sylgard that was also attached to the chuck in order to 
provide stability whilst sectioning. The chuck was placed into the cutting chamber, 
which contained ice cold PBS (pH7.4). Sections were cut in the transverse plane at 
thicknesses of 40 - 60J.lm. The sections were transferred to vials containing PBS 
( +0.1% sodium azide, w/v) via transfer pipettes with their tips removed. The vials 
were stored at 4°C until the sections were processed. Processing was usually 
performed immediately. 
7.2.1.4. Primary antisera 
A number of commercially available antisera were tried. Neurotransmitter 
substances whose immunohistochemical localisation was to be attempted were 
identified by searching the literature to find which transmitter substances had 
previously been localised within the optic lobe (i.e. by assay, HPLC etc.). Primary 
antisera used were rabbit anti-gamma amino butyric acid (GABA) (Sigma, U.K.), 
rabbit anti-ChAT (Chemicon, UK), goat anti-ChAT (Chemicon, UK), rabbit anti 
ChAT (Chemicon, UK), mouse anti-Tyrosine Hydroxylase (Sigma, UK), rabbit anti-
Tyrosine hydroxylase (Chemicon, UK). 
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7.2.1.5. Immunostaining 
Three basic immunostaining protocols were tried for each primary antibody. These 
differed mainly in the visualisation on the secondary antibody. Indirect 
immunofluorescent labelling (using secondary fluorescein isothicyanate (FITC) and 
(TRITC) conjugates), peroxidase anti-peroxidase (PAP) and avidin-biotin complex 
(ABC) procedures were all attempted. 
7 .2.1.5.1. Indirect immunofluorescent immunohistochemistry 
Sections were cut (cryostat or vibratome) and washed (5 x 10 minutes) in O.OIM PBS 
(Ph7.4). The sections were then incubated in blocking serum, which contained 
0.25% Triton X-100 and 10% normal serum (from the species in which the 
secondary antibody was raised) diluted in O.OIM PBS (pH 7.4) before being washed 
(3 x 10 minutes) in O.OIM PBS (pH7.4) containing 0.25% Triton X-100 and 1.% 
normal serum (wash buffer, WB). Sections were then incubated in the primary 
antibody diluted in WB (ranges of dilutions and times were tried for each primary 
antisera) before being washed (3 x 10 minutes) in WB. The tissue sections were then 
incubated with a fluorescently labelled secondary antibody (FITC or TRITC 
conjugated) diluted in WB (different dilutions, times and temperatures were tried) 
before being washed (3 x 10 minutes) in WB. The sections were then mounted (only 
for free floating sections), and coverslipped in fluorescent free glycerol (Citifluor, 
UK). The coverslips were sealed to the slides with nail varnish. Finally the mounted 
slides were viewed under epifluorescence illumination (for FITC a fluorescein filter 
set (excitation 495nm and emission 525nm) and for TRITC a rhodamine filter set 
(excitation 552nm and emission 570nm) were used. 
7 .2.1.5.2. Peroxidase-antiperoxidase (PAP) technique 
Sections were cut (cryostat or vibratome) and washed (5 x 10 minutes) in O.OIM PBS 
(ph7 .4). The sections were then incubated in blocking serum, which contained 
0.25% Triton X-100 and 10% normal serum (from the species in which the 
secondary antibody was raised) diluted in O.OIM PBS (pH 7.4) before being washed 
(3 x 10 minutes) in O.OIM PBS (pH7.4) containing 0.25% Triton X-100 and 1% 
normal serum (wash buffer, WB). Sections were then incubated in the primary 
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antibody diluted in WB (a range of dilutions and times were tried for each primary 
antisera) before being washed (3 x LO minutes) in WB. Sections were then incubated 
with swine anti-secondary host imrnunoglobulins diluted in WB (I :40- I: I 00) for I-
2Hrs at room temperature. Slides were then washed (3 x 10mins) in WB before 
being incubated in horseradish peroxidase rabbit antiperoxidase (PAP) complex 
diluted in WB (I :50 - I :200) for 20 mins at RT. Slides were washed in WB (3 x 
IOmins) before being incubated in a solution made from Sigma FAST DAB tablets 
containing 3'3'diarninobenzidine (DAB) 30% H20 2• The slides were then rinsed 
with distilled water after the substrate had turned brown (5-lOmins) before being 
routinely dehydrated (lx2mins in 30%, lx2mins in 50, lx2mins in 70%, lx2mins in 
90%, 2x2mins in 100% alcohol) and cleared either in xylene or methylsalicylate 
(2x2mins). The slides were then coverslipped in Histomount (Sigma, UK) and 
viewed with a Nikon microscope. 
7.2.1.5.3. Avidin-Biotin complex (ABC) technique 
Sections were cut (cryostat or vibratome) and washed (5 x 10 minutes) in O.OIM PBS 
(ph7.4). The sections were then incubated in blocking serum, which contained 
0.25% Triton X-100 and 10% normal serum (from the species in which the 
secondary antibody was raised) diluted in O.OlM PBS (pH 7.4) before being washed 
(3 x 10 minutes) in O.OIM PBS (pH7.4) containing 0.25% Triton X-100 and 1% 
normal serum (wash buffer, WB). Sections were then incubated in the primary 
antibody diluted in WB (ranges of dilutions and times were tried for each primary 
antisera) before being washed (3 x 10 minutes) in WB. The sections were then 
incubated with an avidin-biotin kit (Vector laboratories) according to the 
manufactures instructions and FAST DAB solution (Sigma, U.K.). The slide were 
then rinsed with distilled water after the substrate had turned brown (5-10mins) 
before being routinely dehydrated (lx2mins in 30%, Ix2mins in 50, lx2mins in 70%, 
lx2mins in 90%, 2x2mins in lOO% alcohol) and cleared either in xylene or 
methylsalicylate (2x2mins). The slides were then coverslipped in Histomount 
(Sigma, UK) and viewed with a Nikon microscope. 
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(A) Rabbit PAP complex 
0 Antigen X 
• DAB 
Fluorophore 
11 
(e.g. FITC). 
Biotin 
C=J Avidin 
Swine anti-rabbit 
(C) 
(B) 
Swine anti-rabbit 
Rabbit anti-
antigen X 
Swine anti-rabbit/fluorophore 
Rabbit anti-
antigen X 
Rabbit anti-
antigen X 
Figure 7.1. Diagrammatic representation of the antigen/antibody relationships 
involved in the techniques used to immunohistochemically localise putative 
neurotransmitters in the optic lobe. (A) Peroxidase anti-peroxidase. (B) 
immunofluorescence. (C) Avidin-Biotin complex. 
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tTissue sectioned (cryostat or vibratome) 
+ ~ections washed (5 x lO mjnutes) in O.OIM PBS (pH 7.4) J 
+ I Sections incubated in blocking serum (O.O IM PBS + 0.25% triton X-, 
100 + 10% normal serum* (pH 7.4)) 
+ Sections washed (3 x 10 minutes) in wash buffer (WB; O.OIM PBS + 0.25% 
Triton X-1 00 + I% normal serum* (pH 7 .4)) 
~ I Sections incubated in primary antibody diluted in WB J 
( 12-24hrs) 
-~ 
Sections washed (3 x 10 m in) in WB 
• ~, _i Sections incubated in Sections incubated in Sections incubated in 
fl uorescently conjugated ABCI swine anti rabbit diluted in 
secondary antibody di luted WB (1-2hr ) 
in WB ( l-2hrs) 1J ~ Sections washed Sections washed (3x IOmin) inWB (3 x 10 min) in WB 
1J • 1r Incubated in ABC2 Incubated in rabbit 
Sections washed peroxidase anti-
(3 x 10 min) in WB 1r peroxidase conjugate 
Sections washed l (3 x 10 min) in WB 
Sections washed 
(3 x 10 min) in WB ,, 
,, Incubated in DAB 1 Section mounted onto Incubated in DAB 
si ides (for free floating i sections), coverslipped 
(fluorescence free Slides washed in distilled S lides washed in distilled 
glycerol, Citifluor, U.K.) water, routinely water, routine ly 
and viewed under dehydrated, cleared in dehydrated, c leared in 
epi fluorescence methyl salicylate and methyl sal icylate and 
illumination mounted with histomount mounted with hi tomount 
Figure 7.2. Schematic re presentation of the protocols employed in the attempted 
inununohistochemical localisation of putative neurotransmitters in the optic lobe. 
Protocols for immunofluorescence, peroxidase-anti peroxidase and avidin-biotin complex 
are shown. ABC 1, avidin biotin conjugate; ABC2, biotin-peroxidase conjugate. 
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7.2.2. Acetylcholinesterase Histochemistry 
The acetylthiocholine method for cholinesterase localisation 111 fixed tissues was 
employed (After Lewis, 1961; Tsuji, 1968) to demonstrate acetylcholinesterase 
distribution within the optic lobe. Optic lobes from four animals of each species 
were sectioned for acetylcholinesterase staining. 
7.2.2. 1. Sectioning 
Optic lobes were excised from the animal, immersion fixed for 4hrs at 4°C in 4% 
paraformaldehyde (in O.OlM PBS, pH7.6), cryoprotected overnight in 20% sucrose 
(w/v, in O.OlM PBS, pH7.4) and sectioned with a cryostat (L0-54J..Lm) as before (see 
section 7 .2.1.2). Sections were collected onto poly-1-lysine slides (BDH, UK). 
7.2.2.2. Staining 
A stock solution containing 2.5g hydrated CuS04, 3.75g of glycine and LOOml 
distilled water was prepared. lml of the stock solution was added to 9ml 0.1 M 
sodium acetate and the pH of the resultant solution adjusted to 5.3 with lm NaOH 
and 1 M acetic acid. The sections were preincubated in this solution for ISmin at 
room temperature. Acetylthiocholine iodide was added (30mg) to the stock-sodium 
acetate mixture and the sections incubated in it for L0-60min at RT. The sections 
were then rinsed well with distilled water before being treated with a 2% aqueous 
solution of ammonium sulphate for 2min. The sections were then rinsed in distilled 
water, dehydrated, and cleared in methyl salicylate before being mounted in 
Histomount (Sigma, UK). The slides were then viewed with an image capture device 
linked to a compound microscope. Controls were carried out by either removing 
Acetylthiocholine iodide from the incubation media or adding ethopropazine 
hydrochloride (an acetylcholinesterase inhibitor) to the pre- and incubation medias 
(31.2mgl' 1). 
7.2.3. Nicotinic acetylcholine receptor (NAChR) staining 
A nicotinic acetylcholine receptor antagonist with a fluorescent molecule conjugated 
to it (Texas Red - alpha bungarotoxin (TR-abgt), Molecular Probes) was used to 
probe for the acetylcholine receptor in the optic lobe. Two methods of incubation 
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protocols were attempted. Initially slices were cut (see section 3.2.2) and incubated 
in different concentrations of TR-abgt in oxygenated ASW at RT (lnM to l~M for 
30-180mins). The stained slices were then washed in fresh oxygenated ASW (30 
mins at RT) before being viewed under viewed under epifluorescent illumination 
with a Nikon microscope. 
Optic lobes were removed from freshly killed animals (see section 3.2.1) and placed 
immediately into liquid nitrogen ( -80°C) wrapped in aluminium foil. The tissue was 
stored in this manner until required for processing. Sections were cut from the 
frozen, unfixed tissue at 20f.lm with a cryostat and collected onto poly-1-lysine slides 
(BDH, UK) (see section 7.2.1.2). The sections were then allowed to air dry before 
being incubated in the TR-abgt conjugate diluted (lnM to lf.!M) in O.OLM PBS 
(pH7.6), at room ternpreature for lhr. The sections were immersed in cold PBS 
before being fixed in 2% paraformaldehyde (in 0.01 M PBS, pH7.4) for 2 min. The 
sections were coverslipped in fluorescence free mounting media (Citifluor, UK) 
before being viewed under epifluorescent illumination with a Nikon microscope. 
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7 .3. RF..SUL TS 
7.3.1. Immunohistochemistry 
The attempted immunohistochemical localisation of putative neurotransmitters and 
their related enzymes was very inconclusive. A wide variety of fixation and 
visualisation protocols as well as numerous primary antibody dilutions were 
employed in the attempted localisation of the target antigens. All of these procedures 
resulted in negative staining of the tissue sections. A number of different 
commercially available antibodies were attempted with the focus mainly being upon 
localisation of ChAT-like immunoreactivity. Time and effort was spent attempting to 
localise this enzyme as the levels of ACh in the optic lobe are known to be very high 
and ACh is suspected to be the excitatory transmitter released at the retinal 
photoreceptor terminals after photic stimulation of the eye. In all, four different anti-
ChAT primary antibodies were used, all of them resulted in no staining. This was not 
down to the antibody system not functioning correctly or protocol design 
inaccuracies as rat brain tissue stained simultaneously under the same protocols 
showed ChAT -like immunoreactivity. 
None of the primary antibodies used, with any of the fixation and visualisation 
protocols, produced consistent, conclusive staining. Table 7.3 shows a summary of 
the immunohistochemical procedures attempted and the subsequent results. 
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Table 7.3. Summary of primary antibodies and the procedures used in the attempts 
to localise putative neurotransmitters immunohistochemically in the cephalopod 
optic lobe. 
Primary 
Antibody 
Visualisation 
procedure 
Anti-ChAT IF, ABC, PAP 
(Chemicon; 
AB 144P) 
Anti-ChAT IF, ABC, PAP 
(Chemicon; 
AB 143) 
Anti-ChAT IF, ABC, PAP 
(Chemicon; 
AB 142) 
Anti-ChAT" IF, ABC, PAP 
Anti-TH IF, ABC, PAP 
(Sigma,T-
1299) 
Anti-GABA IF, ABC, PAP 
(Sigma, A-
2052) 
Anti-
FMRFamide 
h 
IF, ABC, PAP 
Species 
Eledone cirrosa, 
Sepia officianalis, 
Loligo forbesii, 
Alloteuthis subulata. 
Eledone cirrosa, 
Sepia officianalis, 
Loligo forbesii, 
Alloteuthis subulata. 
Eledone cirrosa, 
Sepia officianalis, 
Loligo forbesii, 
Alloteuthis subulata. 
Sepia officianalis, 
Alloteuthis subulata 
Eledone cirrosa, 
Sepia officianalis, 
Loligo forbesii, 
Alloteuthis subu/ata. 
Eledone cirrosa, 
Sepia officianalis, 
Loligo forbesii, 
Alloreuthis subulata. 
Eledone cirrosa, 
Sepia officianalis, 
Loligo forbesii, 
Alloreuthis subulata. 
Fixation 
Protocol 
I ,2,3,4,5, 
6,7 
I ,2,3,4,5, 
6,7 
1,2,3,4,5, 
6,7 
5 
3,4,5 
1,2,3,4,5 
1,2 
"Gift from Dr. P. McCarthy.6Gift from Dr. A Chrachri. 
Cortex 
Results 
Medulla 
A few small 
cells labelled 
in the 
medulla 
Inconsistent 
staining 
ChAT, Choline acetyltransferase; TH, Tyrosine hydroxylase; GABA, Gamma amino 
butyric acid; DD2R, Dopamine D2 receptor protein; IF, immunofluorescence; ABC, 
Avidin-Biotin conjugate; PAP, Peroxidase anti-peroxidase. 
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7.3.2. Acetylclrolinesterase lristoclremistry 
Acetylcholinesterase histochemistry was performed upon the squid Loligo forbesii 
and Alloteutllis subulata as there was no previous data found in the literature 
concerning these species. The distribution of acetylcholinesterase staining was 
identical between the two species. Figure 7.3 shows the staining (seen as the reddy-
brown colouration in the tissue) in the cortex and medulla. Figure 7.4 shows the 
acetylcholinesterase staining in higher magnification in both the cortex and medulla. 
No acetylcholineterase staining can be seen in the outer granular cell layer (Fig. 
7.4A). In the plexiform zone a thick band of staining running through the centre of 
the layer can be seen (Fig.7.4B). The neuropil columns interspersed between the 
neuronal somata of the inner granular cell layer showed heavy consistent staining 
(Fig.? .4C). The islands of neuronal somata throughout the medulla were unstained 
but heavy staining was apparent throughout all of the neuropil (Fig.7.4D). 
7.3.3. NACIIR labelling 
Neither of the two methods attempted at labeling nicotinic acetylcholine receptors 
(NAChRs) in the octopus optic lobe with TR-abgt succeeded. Labeling the fresh 
slices produced non-specific staining over virtually all of the tissue. The resultant 
fluorescence was higher with increasing TR-abgt concentration and incubation time. 
As with the labeling of fresh slices labeling of sectioned, unfixed tisslfe resulted in 
non-specific staining of all areas of the tissue. The labeling was again determined by 
TR-abgt concentration and incubation times. 
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Figure 7.3. Acetylcholinesterase histochemistry in the squid (Loligo forbesii) optic 
lobe. (A) Cortex. (B) Medulla. Note the heavy staining throughout the neuropil of 
the medulla. Nuclei are stained with methylene blue and acetylcholinesterase is 
reddy-browil. Scale bars= 1001J.IR 
\. 
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Figure 7.4. Acetylcholinesterase histochemistry in the squid (L. forbesii) optic lobe. 
(A) Outer granular cell layer. (B) Plexiform zone. (C) Inner granular cell layer. 
(D) Medulla. Note the lack of staining in the outer granular cell layer, the specific 
staining in the plexiform zone and the heavy staining of the neuropil in the inner 
granular cell layer and medulla. Nuclei are stained with methylene blue. AChE is 
stained reddy-brown. Scale bars= 50j.Un. 
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7.4. DISCUSSION 
There is a paucity of published data about the (immlllio)histochemical localisation of 
putative neurotransmitter candidates in the cephalopod optic lobe. To date there are 
only four accounts of neurotransmitter-like immunoreactivity localised within optic 
lobe neurons (Osborne et al., 1986, Youdim et al., 1986; Kilo et al., 1990; Cornwall 
et al., 1993). 
This part of the study was intended to redress this lack of data with experiments 
designed to localise, immunohistochemically, putative neurotransmitters in the 
cephalopod optic lobe. Initially the localisation of the synthetic enzyme choline 
acetyltransferase, involved in acetylcholine production, was attempted. This 
enzyme, which is widely accepted as being indicative of cholinergic neurons, was 
attempted for two reasons. Firstly, to prove the widely held belief that the retinal 
photoreceptors are cholinergic and release acetylcholine from their terminals upon 
stimulation; secondly, the presence of acetylcholine, in very high quantities, has been 
documented for cephalopod optic lobes. Consequently the majority of effort was 
placed into attempts at localising (immunohistochemically) this enzyme. A number 
of different fixation protocols, primary antibody dilutions and visualisation 
procedures were attempted to provide positive staining. Unfortunately, these 
protocols did not result in any ChAT-like immunoreactivity within the optic lobes of 
the species used. This lack of staining could be due to a number of reasons. The 
most likely of these because the antibody system was not working, or that the 
antibody did not recognise the appropriate antigen in the tissue. Identical staining 
protocols were employed simultaneously on both rat brain sections and cephalopod 
optic lobe sections us1ng anti-ChAT pnmary antibodies. ChAT-like 
immunoreactivity was seen throughout the rat brain section whilst there was no such 
immunoreactivity in the optic lobe sections. It seems apparent that the antibody 
system and protocols employed were successful. The more likely explanation is that 
the primary antibodies used in the present study did not recognise epitopes in the 
cephalopod tissue. These primary antibodies were all raised against substances 
extracted from mammals and raised in mammalian hosts. The antigens used to raise 
the primary antibodies were not small molecules such as the neurotransmitters rather 
the large, complex synthetic enzymes that produce the neurotransmitters. As a 
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consequence of possible differences in the structure of cephalopod and mammalian 
cholineacetyltransferase it seems likely that the target substance was in the tissue but 
was not recognised by the primary antibodies. 
AChE activity has been demonstrated throughout the neuropil (synaptic) region of the 
cephalopod optic lobe (Barlow, 1977) and particular anatomical localisation was 
found within the plexiform zone of the cortex (see table 7.4). AChE activity was 
notably absent from the cell perikarya of the cortex and medulla (Barlow, 1977). 
Distribution within the plexiform zone, however, differed between decapod and 
octopod species. In the decapods L. vulgaris, S. officianalis, Sepia elegans and lllex 
coindetii, the first tangenital (t1.) and second radial (r2) layers of the plexiform zone 
showed intense AChE activity ~Heilbronn, 1971; Barlow, 1977). In the octopods 0. 
vulgaris and Pteroctopus tetracirrhus, however additional staining could be seen in 
the first radial (r 1) and fomth tangential (t4) layers, those being closest to the outer 
and inner granular cell layers respectively (Drukker & Schade, 1964, 1967; Barlow, 
1977). In the squid, Ommastrephes sloanei-pacificus, Turpaev et al. ( 1968) found 
AChE staining in the t2, r2 and r3 layers and suggested its role in synaptic activity. 
During the present study the thick band of AChE staining running through the 
plexiform zone in Loligo forhesii and Alloteuthis suhulata encompassed the first 
tangential (t 1) and second radial (r2) layers agreeing with much of the documented 
evidence concerning AChE histochemistry in the decapod optic lobe. Loe & Florey 
( 1966) suggested that even in the peripheral nervous system of 0. doeflini, where the 
lowest ACh levels and AChE activity were found in its nervous system, they were 
still high enough (relative to mammals), to consider that a large proportion of neurons 
were cholinergic. However, because such large quantities of acetylcholine have been 
found in the cephalopod CNS some authors have suggested its role may lie in general 
metabolism rather than as a neurotransmitter (Tansey, 1979). The subcellular 
localisation of acetylcholine and AChE in synaptosome fractions from the optic lobes 
of Octopus and Loligo, however, suggested that its role is as a neurotransmitter. 
Also, the precise anatomical localisation of AChE activity within the neuropil and 
plexiform zone of the cephalopod optic lobes provides strong evidence for the role of 
ACh as a neurotransmitter substance. The precise regions of the plexiform zone 
where AChE activity can be seen correspond with the terminal bags of the retinal 
photoreceptors. This provides circumstantial evidence that the retinal photoreceptors 
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are cholinergic; to elaborate this further AChE histochemistry in conjunction with 
electron-microscopy should reveal if acetylcholinesterase is located in the synaptic 
clefts between the presynaptic retinal photoreceptors and second order visual neurons. 
From the biochemical and histochemical evidence it seems likely that ACh is an 
important neurotransmitter and that cholinergic pathways are found in the cephalopod 
optic lobe. 
Table 7.4. Histochemical and immunohistochemical localisation of putative 
neurotransmitters and their related enzymes in the cephalopod optic lobe. 
Layer Pari of cell AChE" Monoamines6 5-HT'" GABAJ SRIF' S-P' 
(DA, NA, 5-HT) 
D 0 D 0 0 0 D D 
2 Soma ++ 
Fibres ++ ++ 
3 rl ++ 
11 ++ ++ +++ +++ ++* 
r2 ++ ++ + + 
12 ++ ++* 
rJ ++ + + ++ 
IJ 
r• + + 
4 ++ +++ ++* 
rs + + 
4 Soma ++ 
Fibres ++ ++ ++ 
5 Soma ++ ++ ++ ++ 
Neuropil ++ ++ ++ ++ ++ ++ ++ 
+,weak staining/fluorescence/immunoreactivity; ++, normal 
staining/fluorescence/immunoreactivity; +++strong 
staining/fluorescence/immunoreactivity; * probable location of staining; 0, octopod; 
D, decapod. AChE, acetylcholinesterase; DA, dopamine; NA, noradrenaline; 5-HT, 
serotonin; GABA, y-aminobutyric acid; SRIF, somatostatin; S-P, substance-P. 
a,: Drukker & Schade ( 1964, 1967), Barlow ( 1977); Heilbronn ( 1971 ). b, Matus 
( 1973), Tansey ( 1980). c, Kito et al. ( 1990). d : Corn well et al. ( 1993). e : Feldman 
( 1986). f: Os borne et al. ( 1986). 
Monoamines can be localised histochemically by the formaldehyde-induced 
fluorescence method of Falck et al. (1962) and the glyoxilic acid induced 
fluorescence technique of De la Torre & Surgeon (1976). Localised fluorescence in 
tissues treated by these methods is taken to represent the endogenous distribution of 
monoamines immobilised at their in vivo storage sites (Matus, 1973). These methods 
have been used to elucidate the localisation of the catecholamines, noradrenaline and 
dopamine (as well as 5-HT) in the cephalopod CNS (Matus, 1973; Messenger & 
Tansey, 1978; Tansey, 1980) as well as in peripheral sensory organs (Budelmann & 
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Bonn, 1982). Matus ( 1973) used formaldehyde-induced fluorescence to elucidate the 
anatomical localisation of catecholamines and 5-HT within the cephalic ganglia of 0. 
vulgaris, whilst Tansey (1980) employed the glyoxilic acid-induced fluoresence 
technique to show the distribution of noradrenaline, dopamine and 5-HT in a number 
of cephalopod species (see table 7.4). The technique utilised by Matus (1973) 
demonstrated fluoresence that is characteristic of monoarnines whereas Tansey 
(1980) could distinguish between the catecholamines (noradrenaline and dopamine) 
and 5-HT, the catecholamines having slow fading green fluorescence and 5-HT 
having fast fading yellow fluoresence. Both studies demonstrated the localisation of 
these substances throughout the cephalopod CNS, particularly in the neuropil of 
lobes. 
In the optic lobe, specific anatomical localisation of monoamines has been 
demonstrated (Malus, 1973; Tansey, 1980; see table 7.4). Matus (1973) and Tansey 
( 1980) both demonstrated a similar distribution of catecholamine characteristic 
fluoresence (slow fading green) within the cortex of the optic lobe of different 
cephalopod species, although Tansey (1980) could not distinguish the different radial 
and tangenital layers in Octopus due to extreme fluorescence. Cells of the outer and 
inner granular cell layer of the optic lobe of Octopus showed no fluorescence (Matus, 
1973; Tansey, 1980) although Tansey (1980) found fibres running through the inner 
granular cell layer sometimes fluoresced in Octopus (though not in decapods). Both 
authors found no fluorescence in the r1, t2, and t3 layers whilst the t1 layer showed the 
brightest fluorescence in the plexiform zone. The remaining layers showed weak 
fluorescence except the 4 layer which in Octopus (Matus, 1973) was non-fluorescent 
and in Sepia (Tansey, 1980) was very bright. In the decapod Sepia, the inner 
plexiform zone also fluoresced. The medulla of all cephalopod species studied to 
date fluoresced in the neuropil regions (Matus, 1973; Tansey, 1980). Tansey (1980) 
only found the fluorescence that is characteristic of 5-HT (fast fading yellow) in the 
t1/t2 region of the Octopus vulgaris plexiform zone; it was not seen in other species. 
There are two published accounts of the immunohistochemical localisation of a 
putative monoamine neurotransmitter in the cephalopod optic lobe (Youdim et al., 
1986; K.ito et al., 1990), both being concerned with 5-HT (see table 7.4). Kito et al. 
( 1990) found no 5-HT immunostaining of the cell bodies of the outer and inner 
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granular cell layers of Octopus vulgaris although immunoreactive fibres were seen. 
This is in partial agreement with Tansey (1980) who found fibres exhibiting 
fluorescence running through the inner granular cell layer of Octopus. The plexiform 
zone of Octopus showed distinct immunoreactivity although not all radial and 
tangenital layers could be distinguished (Kito et al., 1990). Three intensely staining 
bands that, which may correspond to t1, t2 and possibly 4, were immunostained 
strongly (Kito et al., 1990). This finding supports the results of Tansey (1980), who 
also found 5-HT fluorescence in the tdt2 region of 0. Vulgaris. Kito et al. (1990) 
described immunostaining in the neuropil regions of the medulla of the optic lobe, 
but, unlike Tansey (1980), also demonstrated occasional cell bodies of the medulla 
showing 5-HT immunostaining. This latter result may, however, be due to the more 
sensitive technique employed by Kito et al. ( 1990). You dim et al. (1986) described 
the presence of a few 5-HT immunoreactive neurons and fibres in the squid optic 
lobe medulla. Immunoreactivity vastly increased with the administration of 
pargyline. There is a paucity of information on the immunohistochemical 
localisation of amino acids in the CNS or optic lobes of cephalopods, with only one 
report being published. Corn well et al. ( 1993) demonstrated by 
immunohistochemistry the localisation of GABA-like immunoreactivity in the CNS 
of E. cirrosa. Immunoreactivity was found in the neuropil of most regions of the 
CNS studied as well as some cell bodies. In the outer part of the optic lobe medulla, 
cell bodies were found immunostained but these did not occur in any other regions of 
the optic lobe. Processes from these cell bodies could be seen to proceed 
centrifugally through the inner granular cell layer to the plexiform zone where they 
presumably synapsed with the many stained fibres in distinct bands (probably 
tangenital layers) (Cornwell et al., 1993). Of the many neuropeptides only 
somatostatin and substance-P have been localised within the optic lobes. 
Immunoreactivity to somatostatin has been demonstrated throughout the nervous 
system of the squid L. pealei (Feldman, 1986). Feldman ( 1986) found SRIF 
immunoreactivity in both neurons and fibres throughout the optic lobe. The OGCL 
possessed a small number of SRIF immunoreactive cells and branching fibres could 
be seen in the plexiform zone. The medulla possessed much more SRIF 
immunoreactive elements than the cortex, with each neuronal column containing at 
least several positive neurons. lmmunostained cells were found deeper in the optic 
lobe, approaching the optic tract where immunoreactive fibres could be seen. The 
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giant neurons described by Young ( 1962b, 1971, 1974) appeared to be SRIF 
immunoreactive. Immunoreactivity to substance-P has been demonstrated in the 
retina and optic lobe, and was absent from the remainder of the brain in Sepia 
(Osborne et al., 1986). Isolated cell bodies, fibres and processes could be seen 
throughout the optic lobe and a layer of immunoreactive processes 500f.Lm from the 
periphery were particularly prominent (Osborne et al., 1986). 
It is apparent that a number of putative neurotransrnitters are precisely localised in 
the cephalopod optic lobe. However, the data revealing such localisations is scarce. 
Further work is required in order to reveal the distribution of the putative 
neurotransrnitters within the optic lobe, particularly acetylcholine and dopamine. 
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CFIAtPTER 8: DISCUSSION 
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This study has filled some major gaps in our understanding of the cephalopod visual 
system. Three fundamental issues were addressed. Firstly, the morphology and 
innervation pattern's of single optic nerve bundles to the optic lobe were elucidated. 
Secondly, the electrophysiology of the first synapse in the cephalopod visual system 
was investigated. Lastly, physiological and immunohistochemical attempts were 
made to identify which neurotransmitters are involved in information transfer to the 
second order visual neurons and for other neuronal populations in the cephalopod 
optic lobe. 
The morphological investigation of the retinal photoreceptor axons in the cephalopod 
optic lobe provided new information about how the retina mapped onto specific 
regions of the optic lobe, as well as corroborating previous studies on the structure of 
these terminals in the outer parts of the optic lobe. An electrophysiological 
preparation was developed that could routinely and repeatably be used to obtain 
extracellular recordings from the visual system. This preparation was then exploited 
to reveal how information is passed from the retina to the optic lobe. Physiological 
evidence has also been obtained suggesting that acetylcholine is the sensory 
neurotransmitter involved at this synapse. 
Previous studies of the cephalopod optic lobes have relied on relatively unsuccessful 
techniques to obtain electrophysiological recordings (MachNicholl & Love, l960a,b; 
Boycott et al., 1960;.Daw & Pearlman, 1974; Stephen, 1974;0rlov et al., 1982). 
These investigations had many limitations, most notably the lack of survival of the 
preparation and the poor quality of the recordings obtained. A primary aim of this 
study has been to extend a technique first used in cephalopods by Williamson & 
Budelmann (1991), to make viable slices of the optic lobe and then make in vitro 
recordings from the slices. The development of a slice preparation of the cephalopod 
optic lobe to provide consistent, extracellularly recorded, evoked field potentials 
proved time consuming, yet eventually successful. After the development of the 
technique, experiments were performed that began to unravel the complexities of the 
processing of visual information, primarily at the first synapse in the cephalopod 
visual system, which occurs in the optic lobe cortex. Recordings could be routinely 
obtained and were classified and characterised before being spatially mapped. Ionic 
substitution experiments also helped to understand the physiology of the first synapse 
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and how alterations in the extracellular ionic composition could lead to enhanced 
slice viability. 
In order to put the findings obtained from the present work into the relevant context 
the processes involved in the conversion of light at the retina into a behavioural 
mechanism need to be discussed. In the eye incoming light from the lens is focussed 
onto the photoreceptive retina; here light is converted into an electrical signal by 
photolytic isomerisation of a dual photopigment system. This conversion of 
photopigment starts an enzyme cascade system which eventually leads to 
depolarisation of the photoreceptor membrane, via a second messenger system 
(probably inositol triphosphate). This electrical activity can be detected in the retina 
as the electroretinogram, a large slow and sustained potential shift. Action potentials 
are also generated in the retinal photoreceptors and are then propagated along their 
axons (MachNichol & Love, 1960), which make up the optic nerve bundles. 
The optic nerve bundles are themselves aiTanged in a dorsoventral chiasma, which 
presumably rectifies the inverted image produced by the lens. The action potentials 
subsequently arrive at the periphery of the optic lobe. It is not clear about the types 
of photoreceptive elements located in the retina but the presence of "ON", "OFF" 
and "ON-OFF" - type single units have been demonstrated (Hartline & Lange, 
1974). Presumably axons which are activated when there is light stimulus presented 
("ON") and axons which produce action potentials with the absence of light ("OFF") 
are distributed in a specific manner within the retina, optic nerves and subsequently 
the optic lobe. The precise location of these types of single units is unknown, as is 
their importance in the visual system. 
The electrical stimulation of an optic nerve bundle, via a bipolar tungsten electrode, 
resulted in a single biphasic, compound action potential, observed when a recording 
electrode was placed in the optic nerve. This compound action potential, or 
photoreceptor fibre volley (PFV) increased in amplitude with increasing stimulus 
intensity, presumably because more axons were recruited to the response by the 
larger stimuli. The PFV was insensitive to alterations in the extracellular Ca2+ 
concentration, suggesting that no (or few) calcium action potentials were involved in 
the response. The conduction velocity of the compound action potential travelling 
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along the optic nerves has been estimated in this study to be 0.14ms. 1±0.01 
(mean±S.E., n=3); this value is commensurate with the conduction velocity of small 
unmyelinated axons (Manis, 1989). This slow conduction velocity does however 
raise a potential problem in that the photoreceptor axons that extend from the lateral 
edges of the retina to the edges of the optic lobes are necessarily much longer than 
those from the central parts. Therefore the electrical signal will take longer to reach 
these parts of the lobe. How this is resolved centrally is not known. What is clear is 
that upon depolarisation of the retinal photoreceptor (either by the presence or 
absence of light) visual information is conveyed by action potential discharge along 
the retinal photoreceptor axons towards the photoreceptor terminals located in the 
optic lobe cortex (see figure 8.1 ). 
The morphology of the terminals of the retinal photoreceptor axons within the optic 
lobe cortex has been well-documented (Lenhossek, 1896; Cajal, 1917; Young, 
1962b, 1971, 1974)). However, the mapping of individual optic nerve bundles onto 
the optic lobe has not been clarified. The present study has described the distribution 
of optic nerve photoreceptor axons, from single optic nerve bundles, within the optic 
lobe. As an optic nerve reaches the optic lobe the photoreceptor axons begin to 
branch out and spread laterally. This lateral spread is specific to the circumferential 
position of the optic nerve entry point into the optic lobe. This suggests that each 
optic nerve bundle innervates a specific discrete region of the optic lobe. It is also 
highly likely that the photoreceptive elements of the optic nerve bundle are located in 
a comparable region of the retina (see figure 8.1A). It seems that the complex 
arrangement of the optic nerves is simply a mechanism for mapping the entire retinal 
surface onto the optic lobe; an image is focussed onto the retina is therefore 
transferred intact, albeit inverted, onto the optic lobe cortex (see figure 8.1 ). In 
vertebrates there is no comparable optic nerve mapping system, as the region of the 
central nervous system that processes visual input from the primary photoreceptive 
neurons is located within the retina. 
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(A) 
(B) 
(C) 
(D) 
Figure 8.1. Schematic representation of transfer of visual information from the retina to 
the photoreceptor terminals. (A) Photoreceptors, whose axons lie in a single optic nerve 
bundle (either red or blue) are electrically activated by visual input through the lens. (B) 
Action potential discharges are propagated along the optic nerves, through the dorso-
ventral chiasma. (C) Upon reaching the optic lobe the photoreceptor axons spread out and 
map a region of the cortex analogous to the region of the retina where their somata lie. (D) 
Action potential discharges reach the retinal photoreceptor terminals (types-1 and 11) in the 
optic lobe cortex. Note the proposed arrangement of photoreceptor somata and their 
terminals in the optic lobe. 283 
The extracellular recordings obtained during the present study from the optic lobe 
slice preparations after orthodromic stimulation of a single optic nerve bundle have 
helped to understand the physiological processes involved at the first synapse in the 
cephalopod visual system. These represent the first repeatable electrophysiological 
recordings from the cortex and have identified postsynaptic as well as pre-synaptic 
responses. Previous recordings from the cephalopod optic lobe have mainly been 
from heavily restrained, anaesthetised animals using extracellular electrodes, 
(MacNichol & Love, 1960a,b; Daw & Pearlman, 1974; Stephen, 1974; Orlov et al., 
1982). Such preparations have intrinsic limitations as discussed before (see section 
1.11.3). Single and multiple unit activity have been recorded from the periphery of 
the optic lobe (probably the cortex) in response to photic stimulation of the eye (or 
the absence of light). This activity is undoubtedly from the presynaptic retinal 
photoreceptor axons located in the outer layer (the outer granular cell layer) of the 
optic lobe. It is clear that action potentials proceed along the retinal photoreceptor 
axons to reach the outer granular cell layer ofthe optic lobe. this spread of electrical 
activity is comparable to the distribution of axons revealed by the dil labeling of the 
presynaptic neuronal membranes. Action potentials then proceed inwards and pass 
to the·conical shaped terminal bags located in the plexiform zone. 
In the plexiform layer the terminal bags have characteristic shapes which contain 
presynaptic processes (Lenhossek, 1896; Cajal, 1917; Young, 1962b, 1971, 1974; 
Dilley et al., 1963; Case et al., 1972; Cohen 1973c; Haighighat et al., 1984). The 
morphology of these presynaptic terminals has previously been documented and 
during the present study this morphology has been corroborated by dil labeling of the 
neuronal membranes. Two types of retinal photoreceptor terminal bags have been 
documented (types-! and -11). A third (type-UI) that proceed to the medulla, are 
probably axons of deep lying centrifugal cells. Such light microscopical 
investigations of the retinal photoreceptor terminal morphology in conjunction with 
ultrastructural investigations has lead to the theory that synaptic connections with 
second order visual neurons occur in the plexiform zone. 
Action potentials that arrive at these terminal bags presumably depolarise the 
presynaptic membrane. This depolarisation of the terminal bag membrane opens 
voltage sensitive calcium channels, which allow for an influx of Ca2+ into the 
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presynaptic terminals. Such an influx of Ca2+ is dependent upon the extracellular 
concentration of Mg2+. Magnesium ions appeared to have a profound effect upon the 
influx of Ca2+ into the presynaptic terminal as the amplitude of postsynaptic 
responses (resulting from Ca2+ mediated neurotransmitter release) were dependent 
upon the [Mg2+lm· The exact concentration of Mg2+ in the extracellular spaces 
within the optic lobe is unclear, previous reports have stated that a concentration of 
between 48.4 and 57.7 mM is likely, yet these concentrations were obtained from the 
haemolymph, not the extracellular fluid from the optic lobe. It is possible that the 
blood-brain barrier, shown to be present in cephalopods by Abbot ( 1981 ), regulates 
ionic concentrations within the central nervous system (and hence the optic lobes). 
Whatever the extracellular concentration of Mg2+ the competition for these 
presynaptic, voltage sensitive Ca2+ is obvious. Calcium entry into the presynaptic 
terminal bags through the voltage sensitive calcium channels elicits the release of 
neurotransmitter from presynaptic stores (see figure 8.2). Such a release is also 
dependent upon the extracellular concentration of Ca2+. The relationship between 
extracellular Ca2+ concentration and the amplitude of extracellularly recorded field 
postsynaptic potentials is clearly dose-dependent. The interactions and extracellular 
concentrations of Mg2+ and Ca2+ must play an important role in regulating calcium 
mediated neurotransmitter release from both the presynaptic terminals and at any 
other synapses in the visual pathway. 
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Figure 8.2. Schematic representation of neurotransmitter release from the 
presynaptic retinal photoreceptor terminal bags in the cephalopod optic lobe cortex. 
(1) Action potential discharge arrives at the terminal bags of the photoreceptors. The 
subsequent depolarisation activates voltage sensitive calcium channels in the 
presynaptic membrane (2) . Elevated extracellular Mg2+ competes for the voltage 
sensitive Ca2+ channels, preventing Ca2+ into the presynaptic terminal (3) . The Ca2+ 
influx resulting from presynaptic membrane depolarisation elicits acetylcholine 
release from intracelJular presynaptic stores (4) . The released acetylcholine diffuses 
across the synaptic cleft in the plexiform zone and activates receptors in the 
postsynaptic neuronal membrane (5), which are probably excitatory. The subsequent 
summed postsynaptic responses (field postsynaptic potentials; FPSPs) can be 
detected as extracellular negative potential deflections. In normal circumstances (5) 
acetylcholinesterase breaks down the acetylcholine in the synaptic cleft. With bath 
perfusion of the nicotinic antagonist, alpha-bungarotoxin, acetylcholine cannot bind 
to the postsynaptic cells, consequently there are no FPSPs (6). With the presence of 
the acetylcholinesterase inhibitor acetylcholine is not broken down, consequently the 
FPSPs are greater in amplitude and duration (7). 
The evidence for the identity of the neurotransmitter that is released from the 
presynaptic terminals after the calcium influx suggests acetylcholine as the most 
likely candidate. Physiologically the present study has revealed that field 
postsynaptic responses recorded in the plexiform zone, where the first synapse in the 
cephalopod visual system is located, are abolished by the specific acetylcholine 
286 
receptor antagonist, alpha-bungarotoxin. This implies that acetylcholine is released 
from the presynaptic terminals and activates postsynaptic receptor sites that are 
competitively antagonised by alpha-bungarotoxin (see figure 8.2). Other 
physiological evidence that also suggests acetylcholine as the likely candidate a~ the 
photoreceptor neurotransmitter has been provided by the large increase in amplitude 
of the field postsynaptic potentials with the bath application of the 
acetylcholinesterase inhibitor, eserine (see figure 8.2). Unfortunately attempts at 
immunohistochemically localising neurotransmitters in the different neuronal 
populations of the optic lobe proved unsuccessful. It was hoped that by labeling 
neurons for either neurotransmitter substances or enzymes which produce such 
substances, the identity of the transmitter(s) involved in cephalopod visual 
processing could be clarified. Particular attention was paid to 
immunohistochemically localising choline acetyltransferase (ChAT), the enzyme 
responsible for the intracellular production of acetylcholine. It was intended to 
marry such immunohistochemical evidence with the physiological data provided 
during the present study to provide conclusive proof that acetylcholine is the 
neurotransmitter released by the retinal photoreceptor terminations in the plexiform 
zone m response to their depolarisation. Unfortunately such a labeling proved 
elusive. Histochemical staining of acetylcholinesterase in the cephalopod optic lobe 
has been published for a large number of species. The staining of the degradative 
enzyme involved in cholinergic pathways were similar for all species investigated 
(including Loligo forbesii and Alloteuthis subu/ata; this study), with a specific 
banding occurring in the plexiform zone. Although some difference between the 
staining patterns of different species were discerned, endogenous 
acetylcholinesterase was found to be distributed in layers of the plexiform zone 
where the first synapse in the visual system occurs. These specific staining patterns 
have been interpreted as being due to the role of acetylcholine as the neurotransmitter 
released from the presynaptic photoreceptor terminals. Previous ultrastructural and 
biochemical data have also suggested that the retinal photoreceptors are cholinergic. 
The physiological data presented in the current study in conjunction, with previous 
circumstantial data, still tends to suggest that acetylcholine is the photoreceptor 
neurotransmitter. 
287 
Upon release from the presynaptic terminals acetylcholine activates postsynaptic 
receptors. It is unclear if the acetylcholine is acting entirely in an excitatory manner 
or if some inhibitory influences also exist. The polarity (negative) of the field 
postsynaptic potentials recorded at the site of the synapse suggests that the 
acetylcholine is excitatory yet any inhibitory influences could be masked by the more 
numerous excitatory inputs. The acetylcholine released by the presynaptic terminals 
causes summed field postsynaptic potentials in most layers of the optic lobe. The 
underlying events that generate these postsynaptic responses are unclear as a single 
unit analysis was beyond the scope of this study. It is likely that the field 
postsynaptic potentials are generated initially by the summation of numerous 
excitatory postsynaptic potentials and then possibly by the summation of spiking 
activity in the second and third order visual neurons. 
The identity of the neurons directly postsynaptic to the presynaptic retinal 
photoreceptor terminals is of great importance in the understanding of the physiology 
of this system. The circuitry and synaptic interactions within the optic lobe cortex is 
extremely complex although the morphological studies have provided some clues 
about possible synaptic connections. Throughout the outer regions of the plexiform 
zone, processes connecting adjacent terminal bags have been seen at the electron-
microscopic level. Different views concerning this 'coupling' between terminals 
have been proposed. Such interdigitating processes have been suggested as 
providing a means of mechanical support. What is more likely is that electrical or 
chemical coupling (either by electrotonic gap junctions or synapses) occur at these 
processes. Phenomena such as lateral inhibition, which is a mechanism for 
enhancing edge detection, could possibly be exerted between adjacent photoreceptor 
terminals. Unfortunately, intracellular investigations, which could reveal such lateral 
interactions, were beyond the scope of the present study. Ultrastructural and 
morphological evidence has postulated two types of neurons located in the 
cephalopod optic lobe cortex as being postsynaptic to the retinal photoreceptor 
terminations. In the two neuronal layers that sandwich the plexiform zone numerous 
small axonless cells, designated as amacrine cells, can be found. These amacrine 
cells have fibres directed towards the plexiform zone. and there is ultrastructural 
evidence that synaptic interactions occur between amacrine cells of the outer 
granular cell layer (layer 2) and the retinal photorceceptor axon terminations in the 
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plexiform zone (Case et al., 1972). It is likely that some of these amacrine cells 
directly synapse with the retinal photoreceptor terminations. The synaptic 
connections made between the amacrine cells located in the inner granular cell layer 
(layer 4) are unknown. lt seems likely that the circuitry of the optic lobe co11ex 
involves synaptic interactions between the numerous amacrine cells of layer 4 and 
the retinal photoreceptor terminals. It is possible that these amacrine cells of the 
outer and inner granular cell layers receive visual information from the retinal 
photoreceptor terminals, and modify this information before passing it on to other 
neurons in the visual pathway. 
Centripetal neurons located in the inner granular cell layer have specifically 
orientated dendritic fields in the plexiform zone and have been proposed as being 
feature detectors (Young, l962b, 1971, 1974). These centripetal cells usually have 
axons that travel towards the medulla after their characteristic dendritic branching in 
the plexiform zone. The axons are presumably the pathways by which information is 
passed from the cortex to the visuo-motor regions of the medulla where an 
appropriate behavioural response is generated. The centripetal cells are also likely 
candidates for second order visual neurons. Clearly, the vast numbers of amacrine 
cells located in layers 2 and 4 (the outer and inner granular cell layers) are important 
in processing the visual information brought to the optic lobe by the retinal 
photoreceptors, A I so as postulated by Young (1962b; 1971; 1974) the centripetal 
cells or 'feature detectors' are clearly very important in the cephalopod visual 
system. The evidence collected during the present study suggests that the centripetal 
cells located in layers 415 (the inner granular cell layer and the medulla) synapse 
directly with the retinal photoreceptor terminations which release an excitatory 
neurotransmitter upon their depolarisation. The existence of a dipole between the 
polarity of the field postsynaptic potentials recorded in layers 2/3 and 4/5, the 
specific localisation of positive FPSP activity in layers 4/5 and the brief CSD 
analysis data all suggest that the centripetal cells are the second order visual neurons 
in the cephalopod visual system. However, the role of the numerous amacrine cells, 
some of which have been demonstrated to synapse with the retinal photoreceptor 
terminations, ·is still unclear. The circuitry and synaptic connections that occur in the 
vertebrate retina (which is analogous to the optic lobe cortex) are well understood. 
The vertebrate retina consists of a number of layers; the outer nuclear layer 
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(containing the photoreceptor cells), the outer plexiform layer, the inner nuclear layer 
(containing bipolar, horizontal and amacrine cells), the inner plexiform layer and the 
ganglion cell layer (containing the ganglion cells which provide output from the 
retina). 
Comparisons between the laminated vertebrate retina and the optic lobe cortex are 
tempting to make, however in doing so it must be remembered that although 
superficially similar these two systems have developed along different evolutionary 
pathways. The flow of visual information through the vertebrate retina is well 
understood. The rod and cone photoreceptor cells synapse with horizontal and 
bipolar cells in the outer plexiform layer (mostly bipolar cells) which in turn pass 
information onto the ganglion cells via synapses in the inner plexiform layer either 
directly or indirectly via amacrine cells. Retinal photoreceptors do not possess fibres 
which extend far enough into the retina to make synaptic connections with the 
ganglion cells all information flow is therefore via the bipolar, horizontal and 
amacrine cells of the inner nuclear layer. In cephalopods comparisons between the 
centripetal cells and the vertebrate ganglion cells are easy to make. Both have 
widespread dendritic fields 
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5 4 5 
To medulla 
Figure 8.3. Possible synaptic interactions between retinal photoreceptor terminals 
and postsynaptic cells in the optic lobe plexiform zone. 1. Photoreceptors synapse 
(either chemically or electrically) with each other. 2. Terminals are presynaptic to 
amacrines located in the OGCL (Aogct) . 3. Terminals are presynaptic to amacrines 
located in the IGCL (A;gc~) . 4. Type-II retinal photoreceptor terminals synapse 
directly onto centripetal cells (CPC). 5. Amacrines of the OGCL and the IGCL 
synapse with the centripetal cells. 
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leading to large receptive fields (500 and 100011m respectively) and both are 
responsible for output of visual information from the first area of processing. Also to 
make comparisons between the horizontal, bipolar and amacrine cells of the 
vertebrate retina with the amacrine cells of the outer and inner granular cell layers of 
the cephalopod cortex is tempting. However where the two systems differ is that in 
cephalopods, unlike their vertebrate counterparts, direct connections between the 
photoreceptor cells and the centripetal cells (cp. vertebrate ganglion cells) is possible 
and also highly likely. The exact function of the numerous amacrine cells of the 
cephalopod outer and inner granular cell layers is not fully understood yet they are 
known to make synaptic connections with the photoreceptor terminals and do not 
extend past the plexiform zone. Clearly they play an important role in the flow of 
information from the photoreceptors to the centripetal cells, what this role is has yet 
to be elucidated. 
Figure 8.3 shows some of the possible synaptic interactions that occur in the 
plexiform zone between the retinal photoreceptor terminals and neurons of the optic 
lobe. For simplicity the amacrine cells, which are of different and varied 
morphologies, are grouped together as either outer granular cell layer amacrines or 
inner granular cell layer amacrines. However, these cells of different morphologies 
may have different roles in mediating the flow of information through the optic lobe 
cortex. The complexity of the cephalopod optic lobe cortex appears to be greater 
than the analogous vertebrate retina. Consequently electron-microscopical 
investigations have not revealed the exact circuitry involved. The only neuronal 
interactions that have been conclusively proven are numbers (I) and (2) (from figure 
8.3). The other synaptic interactions, judging by morphological and physiological 
data appear to be likely. 
In vertebrates the retina provides the initial stage of processing of visual information, 
further refining of photoreceptor input occurs in the brain (the lateral geniculate 
nucleus). It is unclear if further processing of visual information, which has already 
been altered by synaptic mediation in the cortex, occurs in the medulla. Information 
flow out of the cortex is probably via the centripetal cell axons that are medulla 
directed. The exact destination of these axons is unknown but connections between 
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the optic lobe and other lobes of the central nervous system have been demonstrated. 
It is probable that further processing of visual information occurs in the remarkably 
complex medulla before behavioural responses are generated here or in other motor 
regions of the central nervous system. 
Although the present study has provided preliminary data that will hopefully start the 
process of unraveling the workings of the cephalopod optic lobe there is still a large 
amount of further experimentation required before the mechanisms of transforming 
photons of light into behavioural responses can be understood. 
The mapping of discrete areas of the retina onto specific areas of the optic lobe is 
widely accepted, a view that was further substantiated by findings in the present 
study, conclusive proof has not yet been established. What is required is a bi-
directional labeling of neuronal membranes in the optic nerve that encompasses the 
somata (retina) and terminals (optic lobe) of the retinal photoreceptors. Such a 
labeling should provide conclusive proof about the mapping of the retina onto the 
optic lobe. 
The identity of the neurotransmitter substance released by the retinal photoreceptor 
terminals is widely believed to be acetylcholine, a belief that was supported by 
physiological evidence provided by the present study. However this evidence is far 
from conclusive. The use of specific cholinergic antagonists and agonists in 
conjunction with a single unit analysis is required before the assumption that 
acetylcholine is indeed the photoreceptor neurotransmitter can be confirmed. Also 
the immunohistochemical localisation of putative neurotransmitter substances is still 
required. This appears to be a process of trial and error with the majority of 
mammalian primary antibodies not recognising epitopes in the invertebrates 
cephalopod tissue. 
This study has developed a preparation of the octopus optic lobe from which in vitro 
electrophysiological recordings can repeatably be obtained. During the course of the 
present study repeatable extracellular recordings were obtained from the optic lobe. 
These recordings provided the first physiological data about the mechanisms 
underlying the processing of visual input, from the eye, in the optic lobe. However 
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the techniques used did not allow for a complete dissemination of the mechanisms 
and synaptic interactions that occur in this complex system. What is required is a 
thorough analysis of known single units activated after optic nerve stimulation. The 
easiest method for such an analysis is to use intracellular measurements of evoked 
voltage changes in conjunction with the intracellular electrophoretic injection of 
marker dyes (e.g. Iucifer yellow). This would allow for the responses of neurons 
located in the different layers and of different types (e.g. the amacrines, centripetal 
cells and centrifugal neurons) to simulation of photic input. Also interactions 
between the different neuronal populations located in the optic lobe cortex can be 
studied by using intracellular impalements of two neurons. 
The understanding of this remarkable and complex system has been a question that 
has needed answering since the turn of the century when the generation of electrical 
activity in the cephalopod eye in response to photic stimulation was discovered. 
Since then numerous attempts have been made to unlock the processing of this 
retinal electrical activity into behavioural responses have been made. Many of these 
were partially successful yet the answers to what interactions occur in the most 
difficult and complex part of the visual pathway, the optic lobe, were elusively 
unobtainable. This study has begun to answer some of these questions using a slice 
preparation of the octopus optic lobe. However a full understanding of the 
physiology of the optic lobe is far from complete. Perhaps the development of a 
preparation of the optic lobe during the present study, from which both presynaptic 
and postsynaptic responses can be routinely recorded from, will lead to the 
unraveling of the workings of the cephalopod visual system. 
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